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ABSTRACT
This thesis is split into two major sections; one focused on eutectic solidification control
for optical applications and the second focused on outreach curriculum understanding for
increased female engagement in STEM fields.
Spatial Confinement of Metallodielectric Eutectic Alloys
There is a large drive to develop new fabrication techniques for metamaterials; a subclass
of materials with unique structure-driven properties that are not found in nature. Traditional
methods include time-consuming and complex techniques such as lithography and focused
ion beam (FIB) milling. A new push in utilizing eutectic alloys for these applications due
to their spontaneous phase separation and microstructure control capabilities has emerged.
This work investigated the use of an aluminum based metallodielectric eutectic systems,
Germanium-Aluminum (GeAl), with an anomalous faceted/non-faceted growth mechanism
for optical metamaterial applications in the near infrared (NIR) region. Aluminum in par-
ticular was chosen due to its plasmonic properties, which germanium was chosen for its
dielectric properties and faceted growth mechanism which would give the final microstruc-
tures atomically smooth interfaces. These interfaces are key in reducing the scattering of
the aluminum plasmons in the final application. In this study, a thermally isolated Macor
ceramic fixture was used to directionally solidify GeAl samples at various thermal gradi-
ents and draw rates. This Macor fixture allowed for both thermal isolation and sample
confinement at three different thicknesses.
Both the surface and internal 3D order of the samples was investigated to see the effects
of thermal isolation and confinement. Long range surface order was achieved with thermal
gradients of 9°C/mm and a draw rate of 321 µm/s. This order was confirmed via 2D Fast
Fourier Transform image analysis. Electron Backscatter Diffraction confirmed that a unique
microstructure has formed in the highly ordered regions of the sample, suggesting an unseen
orientation relationship between Ge and Al. This orientation relationship seems to allow for
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local cooperative phase growth, similar to that seen in normal eutectic or non-faceted/non-
faceted systems. Preliminary optical analysis of this material was performed on ordered
regions. To see the surface order optical effects, reflectance measurements using a polarizer
were conducted. The material behaved as expected given the degree of order and the quality
of the material surface, proving this was a good ideal system to investigate.
For the 3D order, FIB cross sections were performed on three different sample thicknesses
in ordered regions. There was a clear trend for increasing order and decreasing thickness.
This was to be expected based on other research on spatially confined eutectic materials
and how they can force said alloys to solidify in non-equilibrium ways. Transmission optical
microscopy was also performed on samples with Ge removed to show that lamellar regions
of the sample can propagate through the depth of the sample, further helping understand
the internal microstructure.
In the future, more work should be done to investigate this possible orientation relation-
ship found in ordered areas of the material. Additional EBSD, alongside TEM and Nano
CT, would help improve the understanding of the crystallographic orientations and overall
internal sample morphology. Thermal simulations of the samples during solidification can
provide additional information of the local thermal environment at the solid/liquid interface.
The combination of this information would help provide a more robust explanation of why
these ordered regions occur and why they are sporadic within the sample.
Investigation of Engineering Outreach Curriculum Effects on Participant Self-
Confidence
It is well known that women are a minority in STEM, particularly engineering. Many
researchers are have commented on the need for young women to have a high self-confidence
in their skills in engineering from a young age. To help improve this self-confidence, universi-
ties host outreach camps. These camps showcase engineering in a fun and safe environment
with the overall goal of increasing the number of women in STEM. The impact of how
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these outreach events are structured and the incorporation of engineering design, something
stressed highly in college curriculums, is not well understood. To attempt and understand
this complex problem, a materials science outreach camp for high school girls called Girls
Learning About Materials (GLAM) was investigated. Initial camper feedback on this camp
led the researchers to believe the current structure was causing confusion amongst partici-
pants. Fearing the long term effect this confusion would have, a complete camp curriculum
restructuring occurred. By including a design project and an overarching theme to unify the
diverse field, we were able to improve internal camper feedback. Due to a lack of pre- and
post- change survey data, we were unable to make broad claims about the effectiveness of
these changes on participant self-confidence.
Therefore, to try and understand the larger impact of the camp restructuring, three
outreach camps were compared in a more rigorous study investigating the self-confidence
changes in participants. These three camps had varying levels of design (Design-focused,
design-incorporated, and design-absent) to focus the outcomes of the study to the impact
of design alone. GLAM served as the design-incorporated camp. The results show that
design alone does have a large impact on improving participant outcomes, but the way
design is incorporated throughout the week also is important. Based on these results, the
design-incorporated (GLAM) camp had the best overall outcome. While these findings are
quite promising, they also highlighted the need for a complete and deep understanding of
the motivations behind camp curriculums. Otherwise, one cannot fully understand if the
quantitative survey results reflect the camp itself. A future study has begun to provide this
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This chapter serves as the motivation for the two projects covered in this thesis. Due to the
nature of these projects, two motivations will be given. One is furthering our understanding
of using self-assembled materials, such as eutectic alloys, for optical metamaterials. The
other project is focused on understanding the impacts of curriculum structure on outreach
STEM camps, specifically those focused on engineering and materials science.
1.1 Eutectic Optical Materials1
Photonic crystals (materials with periodic variations in optical properties in one, two, or
three dimensions on the order of the wavelength of light) are widely utilized to manipulate
light. [2] Example devices based on photonic crystals include distributed Bragg reflectors,
diffraction gratings, wire-grid polarizers, some waveguides, and many lasers. [2–4] Materials
with powerful optical functionalities, including negative-index of refraction and optical chi-
rality, can be realized by appropriate placement of materials with suitable properties in two
or three-dimensional space. [5–7] Light in the visible spectrum can be manipulated, although
the tolerance for defects is exceedingly low at visible frequencies, and the number of materi-
als with the appropriate properties is limited. [8, 9] Most photonic crystals are fabricated by
high-resolution top-down two-dimensional patterning methods such as electron-beam lithog-
raphy, interference lithography, and focused ion beam milling. [10] However, it is challenging
to fabricate large-area bulk materials with these techniques, especially with intricate inter-
nal structures. [11] Additionally, many materials with promising optical properties are not
compatible with these top-down patterning methods. [5, 11]
1Content in this section was previously published by the author in the journal article “Template-Directed
Solidification of Eutectic Optical Materials” by Kulkarni, et. al. [1] and is reproduced under the Creative
Commons Attribution License from Wiley Open Access
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As work on colloidal crystals has shown, controlled self-assembly is an effective route
to organizing materials into three-dimensional architectures, which interact strongly with
light. [10–14] Colloidal self-assembly, however, only offers a limited set of symmetries (gener-
ally those of close packed arrangements), and a spherical basis. [13] For many applications,
considerably more complex structures are of interest. Particularly promising approaches for
forming materials with complex internal microstructures include eutectic solidification and
block copolymer self-assembly, [15–18] and materials with interesting optical properties have
been reported using both approaches. These methods are advantageous due to the wide
range of microstructures they form. Here, we focus on the structures formed by eutectic so-
lidification since materials with a broader range of optical properties are available compared
to that provided by block copolymers, and because the characteristic lengths of structures
accessible through eutectic solidification better match the wavelengths of visible and IR
light. Further, forming materials with sufficiently large characteristic dimensions for interac-
tion with visible light by block copolymer assembly is synthetically challenging as it requires
high molecular weight polymers. [19] Similarly, self-assembly of other building blocks, e.g.,
nanoparticles, [20, 21] molecules, [22, 23] and DNA, [24, 25] tend to produce structures with
characteristic dimensions too small to provide strong light-matter interactions (via diffrac-
tive phenomena), [3, 4, 26] and are thus not the emphasis of this project. The idea of using
eutectics for metamaterial applications was first suggested by Pawlak et. al. in 2010 [27].
This has sparked a renewed interest in studying eutectic materials for optics [28–31]. The
aim of this project is to advance the microstructural control of the metallodielectric eutectic
system germanium-aluminum for optical applications.
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1.2 Women in STEM2
There is still a sizable gap between the number of men and women pursuing degrees and
careers in science, technology, engineering and math (STEM) fields. Over the past decade
much research has been done to understand the phenomenon known as the gender gap.
[33, 34] This issue is complex; one main factor being gender stereotypes. By the time women
reach high school; negative stereotypes are fairly well ingrained. They have received messages
about gender identity and expectations, intentional or not, from parents, teachers, and even
through more feminine extracurricular activities such as Girl Scouts. [35] This can lead to
a more critical self-assessment in math and science as well as the belief that young women
must have exceptional performance in the STEM fields in order to be successful, [36] which
is detrimental and can deter women from pursuing these areas.
Furthermore, women who demonstrate high levels of math or science proficiency often
possess similar levels of verbal proficiency, [37] leading to greater career flexibility. Feelings
of isolation lead many of these women to favor non-STEM career paths and result in more
career fluctuations as a whole, [35, 38] especially as they progress further in their careers. [37]
This lack of a sense of belonging, or sense of having the proper qualifications (especially
socially) [39] to be an engineer.
There are ways to reduce the gender gap. Several studies found women’s career inter-
ests during the younger years could be influenced if aspects of the curriculum appealed to
women’s intrinsic motivation to improve the lives of people in their communities. [35, 38, 40]
Engineering outreach is a good avenue for tapping into this inclination; it allows for ex-
ploration of different topics in ways often not available in traditional classrooms, granting
students the opportunity to explore complex ideas in a group setting. These groups are often
focused on a specific age or gender. The environment can help to provide a sense of commu-
2Content in this section was previously published by the author in the journal article “Implementing
Design Thinking into Summer Camp Experience for High School Women in Materials Engineering” by
©2017 American Society for Engineering Education. ASEE Annual Conference Proceedings, June 2017,
Columbus, Ohio [32] and is republished with permission
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nity for the participants, increasing their sense of belonging within engineering. Outreach is
more hands on than a typical classroom. [41] As early as fifth grade, girls express preferences
for experimental and project-based approaches in the classroom over typical lectures and
homework. [42] Project-based approaches lend themselves well to engineering, specifically
the incorporation of design thinking. In this work, we use Cross’s definition of design think-
ing: a new way of dealing with problems across fields. [43] Design and the design cycle are
central ideas within engineering and are becoming much more widespread within collegiate
programs at both the freshman and senior level through design projects. [44] Such projects
can be used to motivate students and increase retention. [44] Also, design is ultimately social
in nature. [45] This gives the young women a chance to further improve their own commu-
nity within engineering. With an increased sense of community, these girls might be more
inclined to continue down the STEM path. Design thinking should also promote better un-
derstanding of engineering as whole. If young women still think they need to excel within
math and science in order to be successful, [36] having outreach programs that increase their
overall comprehension of engineering would be more beneficial.
Despite the commonality of engineering outreach programs, especially those that are
focused on increasing the number of women in STEM, there is very little in the literature
about the efficacy of outreach programs. Design thinking as a part of outreach is mentioned
in the literature, but only as a guide for implementation. No comments are made about
participants’ overall comprehension of the topics covered within the outreach program or
how comprehension affects their impression of engineering. Furthermore, no conclusions
have been reached on overall engineering understanding or eventual retention of women
within engineering. These topics will be examined in this work.
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[28] R. Deska, K. Sadecka, J. O. Bańska, K. Matczyszyn, D. A. Pawlak, and M. Samoć,
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This chapter will serve as the current literature review on areas relevant to this work. The
first topic covered will be the thermodynamics of eutectic solidification, including the min-
imum spacing that can occur and the different microstructures that can form. Then, the
kinetics of eutectic solidification will be covered for both normal and anomalous eutectic
systems. In order to understand why eutectics form normal or anomalous systems, the
solidification mechanisms of single phase materials and how this affects the final eutectic
microstructure will be covered first. Then the basics of the most well accepted eutectic so-
lidification model, the Jackson and Hunt model, will be covered. Since germanium-aluminum
(an anomalous eutectic) will be the main system of interest in this work, most of the dis-
cussion will be focused in this area. Within this section, the history of the understanding
of the specific growth mechanisms for germanium and silicon based eutectics and how this
led to the Wagner Hamilton Seidensticker model, recently confirmed through real time x-ray
tomography, will be discussed. While the main work will be done on germanium-aluminum,
silicon-based eutectics are an important area to discuss due to their similar solidification
mechanics.
2.1 Thermodynamics of Eutectic Solidification
This section will cover details about how eutectics form thermodynamically, the thermody-
namics of minimum lamellar spacing, and the different microstructures that can form.
2.1.1 Thermodynamic Requirements for Eutectic System Formation
Complete solubility in binary systems occurs when components A and B have similar crystal
structures and electronegativities combined with comparable atomic sizes. When one or
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more of these conditions is not met, eutectic alloys are formed with a complete miscibility
liquid region and a solid two-phase (α and β) region. [1] This occurs because the system can
lower its free energy by splitting into two separate phases rather than staying as one solid
phase composed of both A and B. [2] An example phase diagram can be seen below in Figure
2.1.
Figure 2.1: Example Binary Eutectic Phase Diagram. T is temperature, c is concentration
of components, L is liquid, α is the solid phase of component A, β is the solid phase of
component B. Reproduced with permissions from [3]1
According to the Gibb’s phase rule (Eq. 2.1), an invariant point can be reached when f,
the degrees of freedom, is equal to C (the number of components) minus φ (the number of
phases present) minus one. This occurs at a specific temperature, pressure, and composition
of the alloy, which is described by the common tangent drawn in Figure 2.2. Since phase
diagrams such as the one shown in Figure 2.1 are plotted at atmospheric pressure, the
temperature of this invariant point is the eutectic isotherm.
f = C − φ+ 1 (2.1)
1Reprinted figure with permission from [Kassner, K. and Misbah, C, Phys. Rev. A, 44, 6513-6532, 1991].
Copyright (2018) by the American Physical Society.https://doi.org/10.1103/PhysRevA.44.6513
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Figure 2.2: Gibb’s Free Energy Curves for solid alpha, solid beta, and liquid at the eutectic
point.Reproduced with permissions from [4]2
2.1.2 Eutectic Lamellar Spacing Definitions and Minimum Criteria
Below the eutectic isotherm, eutectics form two phase alloys with distinct microstructures.
The list of distinct microstructures can be found in Section 2.1.3. The spacing between the
two phases is λ, or the interlamellar spacing. This λ is larger or smaller depending on the
speed of the eutectic growth (more details in Section 2.2), but in general a faster growth
speed will lead to a smaller value of λ because of diffusion [2]. This value cannot be infinitely
small, however. A high energy interface, γαβ, is formed between α and β during solidification.
For any particular λ, (2/λ)m2 of interface per m3 of eutectic is formed. Therefore, the free
energy of solidification for some spacing λ is shown by Equation 2.2, where Vm is the molar
volume of the eutectic and ∆G(∞) is the free energy decrease for very large values of λ. [2]
∆G(λ) = −∆G(∞) + 2γαβVm
λ
(2.2)
Based on this equation, ∆G(∞) must be large enough to overcome the energy increase
from the interface creation and is given by Equation 2.3. In order for this to occur, under-
cooling is needed (as can be seen in Figure 2.3).
2Principles of Solidification by Glicksman, Martin Eden. Reproduced with permission of Spring in the





Figure 2.3: Free Energy Diagram at some temperature ∆T0 below Te when λ = λ
∗. The
value of ∆G(∞) for which λ = λ∗ is found to the side of this plot. Reproduced with
permissions from [2]3
Figure 2.3 shows that for some λ = λ∗, solidification will not occur because the free
energy of the liquid is in equilibrium with the free energy of the solid phases. This is known





This ∆T also allows for the concentration gradients within the liquid at the solid/liquid
interface needed for solidification. Without this gradient, the diffusion necessary to form the
alternating α/β layers would not exist (more details in Section 2.2). A schematic of how the
free energy curves translates to a composition gradient can be seen in Figure 2.4.
3Phase Transformations in Metals and Alloys, Third Edition (Revised Reprint) by Sherif, Mohamed ;
Easterling, Kenneth E.; Porter, David A. Reproduced with permission of Taylor and Francis in the format
Thesis/Dissertation via Copyright Clearance Center.
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Figure 2.4: Diffusion gradient created during solidification demonstrated by the (a) Free
energy diagram at (Te −∆T0) for λ∗ < λ <∞ that highlights the composition differences
and (b) a model interface for calculating growth rate, showing how the composition
differences impact diffusion at the surface. Reproduced with permission from [2]3
These are the basics of the thermodynamics behind eutectic solidification. Before the
kinetic details of solidification can be addressed, the various structure classes need to be
identified.
2.1.3 Eutectic Microstructures
The are two general classes of microstructures: normal structures and anomalous structures.
Details of the available microstructures can be found in Table 2.1.
Normal eutectic systems follow what is called coupled or symmetric eutectic growth (as
seen in Figure 2.5a) and anomalous eutectics generally follow what is known as decoupled
or asymmetric growth (as seen in Figure 2.5b). [13] The coupled growth region allows for a
range of compositions and temperatures where both α and β phases to grow simultaneously.
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Table 2.1: Different Eutectic Microstructures
Adapted from ref [5]









More details on this can be found in section 2.2.2. Anomalous eutectics, however, have α
and β phases that grow out of sync with one another at the eutectic composition. [5] More
details on this can be found in section 2.2.3.
Figure 2.5: Phase Diagrams with (a) symmetric growth and (b) asymmetric growth
regimes. The coupled growth regions for each system are highlighted. Reproduced with
permission from [13]4
When looking at eutectic systems, one can determine if a normal or anomalous mi-
crostructure is expected based on the solidification mechanism of the base components.
Details of this can be found in the next section, along with details on how those specific
microstructures solidify.
4Reprinted from Progress in Materials Science, Vol. 15. Issue 1, A. Hellawell, The growth
and structure of eutectics with silicon and germanium, 3-78, 1970, with permission from Elsevier.
https://doi.org/10.1016/0079-6425(70)90001-0
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2.2 Kinetics of Eutectic Solidification
In general, eutectic solidification is considered to occur at a planar interface via diffusion.
Figure 2.6 illustrates this mechanism; the solidification of the A-rich α phase leads to an
excess of B-atoms, while the solidification of of the B-rich β phase leads to an excess of
A-atoms. This leads to a diffusion gradient across the solid-liquid interface. It is a balance
of this diffusion, combined with minimizing γαβ, that dictates the interlamellar spacing λ
for basic eutectic solidification. [2] This diffusion is possible due to the undercooling of the
eutectic system during solidification and the composition gradient created because of this
(Fig. 2.4). The effect of diffusion on lamellar spacing can be seen in Equation 2.5, where
ν is the growth rate of the eutectic, k2 is a constant, D is the liquid diffusion coefficient,
∆T0 is the undercooling for a maximum concentration gradient ∆X0, and λ and λ
∗ are
the lamellar spacing and minimums pacing as described before. This equation shows by
altering the undercooling and taking into account the diffusion of the eutectic components,
both the growth rate and the lamellar spacing can be changed. Specifically, the effects of
compositional gradient aka undercooling and diffusion are proportional to ν and inversely
proportional to λ. [2] Details on how this relationship was determined can be found in Section
2.2.2.1.
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Figure 2.6: Diagram of the cooperative growth found at the Lamellar Solid/Liquid Interface










This section specifically will be covering the kinetics of both normal eutectic and anoma-
lous eutectic solidification. Before delving into two phase solidification, details on the solidi-
fication mechanisms of single phase materials will be covered and how this impacts whether
a eutectic system will fall into normal or anomalous eutectic subclass. Then specific mech-
anisms of normal and anomalous will be covered. Within the normal eutectic solidification
section, the basics of the Jackson and Hunt solidification model will be discussed. Within the
anomalous section, details of how the Jackson and Hunt model would need to be modified
and the specifics of how the germanium and silicon solidify, specifically the Wagner Hamilton
Seidensticker (WHS) model and the aluminum overgrowth phenomenon, will be discussed.
2.2.1 Solidification Mechanisms for Single Phase Materials
Understanding the thermodynamics of single phase materials is key when determining how
they will solidify together within a eutectic system. This also affects the structure of the α/β
interface, which is crucial for this work and its final optical application. Generally, materials
18
fall into two classes: non-faceted and faceted. Jackson was the first to thoroughly investigate
what determines if a material solidifies in a faceted manner. [6] Using a Bragg-Williams
statistical model, the free energy of a solid liquid interface can be shown by Equation 2.6. N
is the total number of surface sites, k is Boltzmann’s constant, x is the number of occupied
surface sites, and Te is the melting or equilibrium temperature. The dominant variable,
however, is the alpha factor, given by Equation 2.7.
∆Fs/NkTE = αx(1− x) + xlnx+ (1− x)ln(1− x) (2.6)
α = (L/kTE)ξ = ∆Sfξ (2.7)
ξ = η/ν (2.8)
This alpha factor is dependent on two parts: the entropy change of the transforma-
tion/fusion, ΔSf , and ξ. The ξ term is can be seen in Equation 2.8, where η is the number
of nearest neighbors of an atom on the solid/liquid interface plane and ν is the coordination
number of that atom. [5] ξ is the crystallographic structure term and is usually close to (and
always below) 1. This crystallographic term takes into account factors such as close-packed
planes during solidification. Different materials will have different ξ values based on their
specific coordination number and the plane formed during solidification. It is assumed that
materials will form their closest packed plane, so calculating ξ involves determining the close
packed orientation of each material compared to its coordination number. [7] In general,
these are the only values that are used, though different values of ξ can be determined based
on experimental data of the plane formed during solidification. The entropy change is given
by L, the heat of transformation in the phase change, k, Boltzmann’s constant, and Te, the
equilibrium temperature between the solid and liquid. The alpha value varies with material
class, from near 1 for most metals to as high as 8 in complex organic systems. Figure 2.7
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depicts how α changes surface free energy with respect to surface site fill fraction. [8] Fig-
ure 2.8 shows example organic materials with various α factors solidifying from the melt,
highlighting how complex the structures formed at high α factors can be.
Figure 2.7: Surface Free Energy vs. Occupied Surface Sites for varying α factors
Reproduced with permission from [6]5
Figure 2.8: Various materials solidifying with different α factors (a) carbon tetra-bromide
(α = 0.8) (b) t-butyl alcohol (α = 2.6) (c) salol (α = 7) and (d) tristearin (α = 63).
Reproduced with permission from [6]5
When materials have α factors less than 2 (roughly), the minimum free energy of the
surface is at a fill fraction of 0.5. This leads to no preferential growth surface within the
solid phase and the interfaces are atomically rough. Materials with these properties are said
to have non-faceted growth and grow quickly. For α factors greater than two, low energy
5Reprinted by permission from Springer Nature Customer Service Centre GmbH:Jackson K.A. Crystal
Growth Kinetics and Morphology. In: Gray T.J., Frechette V.D. (eds) Kinetics of Reactions in Ionic Systems.
Materials Science Research. Springer, Boston, MA, 1969
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states exist at almost empty and almost full fill fractions. These preferential states move
closer to the extremum (0 or 1) as alpha increases. This shows that for these materials,
preferential growth directions exist and these surfaces are considered atomically smooth due
to the solid phase growing in a step-wise fashion into the liquid, forming one layer of material
at a time. This type of growth is called faceted.
For eutectic systems, the presence of one parent phase with an α > 2 leads to what is
known as a faceted or anomalous eutectic system. Jackson and Hunt were the first to use
this alpha parameter to identify the difference between non-faceted/non-faceted (normal)
and faceted/faceted or non-faceted/faceted (anomalous) eutectic systems, changing how eu-
tectic microstructures were labeled. [9] Figure 2.9 shows how both volume fraction and ∆Sf
can affect which microstructures from Table 2.1 form. [5] Note that this Figure uses ∆Sf ,
not α. While this alpha value gives a nice number to compare, calculating ξ for complex
crystal structures is complicated. These values are particularly complex to determine for
intermetallic materials, where the values of η and ν might not be readily known or easily
determined. Large undercooling can also minimize faceting. Because of this, many solely use
∆Sf to predict whether a material will have a faceted or non-faceted growth mechanism in
or near equilibrium. Based on many calculations, a value of 23 J/mol/K can be used instead
of α=2 as a transition point. [5] It should also be stated that for the purposes of this chapter,
faceted-faceted systems will be ignored. These highly complicated systems are generally too
hard to control with the end goal of forming ordered structures due to the highly preferential
growth directions of both parent phases, so they were discounted for this body of work.
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Figure 2.9: Eutectic Microstructure Classification in terms of volume fraction and entropy
of solution for a growth velocity of 5× 10−4cm/s (a) regular lamellar (b) regular rods (c)
broken lamellar (d) irregular (e) complex regular (f) quasi-regular (g) irregular fibrous
Reproduced with permission from [5]6
Now that the distinction between normal and anomalous eutectics has been determined
via the alpha factor, details on their specific growth kinetics will be discussed, starting with
normal eutectics.
2.2.2 Kinetics of Normal Eutectic Solidification
Based on Table 2.1, the normal eutectic microstructures are lamellar and rod. Since they
follow a coupled growth regime (as seen in Figure 2.5), they follow a simpler solidification
model that is simply based on diffusion, similar to was just discussed at the beginning of
this section. While this understanding had been established for some time, details of the
governing equations and why a system will form rods or lamellae were still unknown. Many
models have been postulated to explain the details of this mechanism, [8] but the Jackson and
Hunt model [9] has been accepted as the most accurate model and is what the community
has used as a basis for understanding eutectic solidification ever since. The basics of this
model will now be examined.
6Reproduced with permission of Taylor and Francis in the format Thesis/Dissertation via Copyright
Clearance Center
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2.2.2.1 Jackson and Hunt Model
The Jackson and Hunt (JH) model uses three different equations to describe eutectic so-
lidification at the steady state: diffusion, average composition at the interface, and average
curvature of the interface. Solutions for both rod and lamellar eutectics were determined.
For the purposes of this project, the most important equation to investigate is the one per-
taining to the average undercooling of the interface and how this pertains to whether or not
a rod or lamellar eutectic will form.
To understand the derivation, one needs to understand the setup used for determining
this model. Figure 2.10 a and b show the lamellar spacing and coordinate system definition,
as well as the different compositions on the phase diagram used in the equations. Based on
this, the diffusion should be highest at the center of each lamellae, which is consistent with
what was described at the beginning of this section.
Figure 2.10: Jackson and Hunt Model Derivation Experimental Setup (a) Planar Eutectic
Interface (b) Definitions of Various Compositions on Phase Diagram
Used with permission of The Minerals, Metals, & Materials Society from [9]
The stability of the solid liquid interface is dependent on the interface temperature,
TI . At ∆G(λ
∗) (Fig. 2.3), the eutectic temperature, TE, and TI are equal. With the
undercooling necessary for solidification, the difference between the interface temperature
and the equilibrium temperature of the system (∆T ) is the most important. The equation
for ∆T is shown below in Equation 2.9, where ∆Tc is due to the local composition deviation
from equilibrium (Eq. 2.10) and ∆Tσ is due to the curvature of the solid/liquid interface
(Eq. 2.11). ∆Tc is dependent on the slope of the liquidus line, m, and the composition
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at the interface for position x, C(x). ∆Tσ is dependent on the Gibbs-Thompson constant,
a, and the local interface curvature r(x). ∆Tk is a kinetic component to the interfacial
temperature, which is only considered in non-equilibrium conditions. Due to the nature of
the JH derivation, this term was ignored. [9]
∆T = TE − TI = ∆Tc + ∆Tσ + ∆Tk (2.9)





By combining Eq. 2.9 with the diffusion and curvature equations, Jackson and Hunt
reached Equation 2.12, which contains only variables of λ, ν, and ∆T , plus constants. The
graphical representation of this equation for both rod and lamellar eutectics can be seen in
Figure 2.11. This equation shows that, depending on the values of the constants, normal
eutectic systems will either preferentially form rods or lamellae. The curve that has the
lowest undercooling value is the microstructure that will form, meaning that these systems








Figure 2.11: Schematic Drawing of Equation 2.12: the variation of the interfacial
undercooling for various λ or R (rod spacing) values for a fixed growth rate.
Used with permission of The Minerals, Metals, & Materials Society from [9]
Taking the derivative of Eq 2.12 gives the most famous form of the JH equations, seen
in Equation 2.13. This equation simplifies eutectic solidification down to two terms: the
solidification speed ν and the lamellar spacing λ. This equation also shows how one can
adjust the lamellar spacing in normal eutectic systems by using the solidification speed for
a constant undercooling. This equation shows the same relationship as Eq. 2.5, where ∆T





This Jackson and Hunt model helps describe normal eutectic solidification and how rods
or lamellae are preferentially formed within these systems. [9] It does not, however, accurately
describe anomalous systems. That will be covered in the next section.
2.2.3 Kinetics of Anomalous Eutectic Solidification
As seen in Table 2.1, the anomalous eutectic microstructures are much more varied than
normal microstructures. These systems all follow a decoupled growth mechanism (as seen in
Figure 2.5), meaning that the α and β do not follow the simple diffusion model described at
the beginning of this section. This also means that the Jackson and Hunt model does not
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accurate describe this solidification. The reason behind this is simple; the ∆Tk from Equation
2.9 accounts for non-equilibrium solidification. Since these anomalous systems do not follow
a cooperative growth front, this ∆Tk term is needed to fully model this solidification using
the JH method. The decoupled growth would also impact the ∆Tσ term, making it more
complex than originally considered by Jackson and Hunt. Because of this, the JH model is
not used often for the rest of this body of work. Instead, individual anomalous systems have
different solidification mechanisms and models. For this work, germanium-based systems
are used, so the following section will give details on the literature understanding of the
particular solidification mechanism these materials follow.
2.2.3.1 Germanium-Based System Kinetics
Much work has been done to try and understand the exact solidification mechanism for
germanium (and silicon, given its similar microstructure and solidification mechanisms) in
these types of materials systems and how it can be manipulated. [10, 11] Besides this body
of work, these alloys are of great interest in the automotive and aerospace industries. [12]
Hellawell was one of the first to truly investigate this in both aluminum germanium and
aluminum silicon. [11, 13] Using post mortem analysis and various solidification speeds and
quenching experiments, he determined that that the aluminum seemed to form a skin over
the surface of the germanium crystals (Figure 2.12) and that colonies of {111} lamellae were
connected via {100} platelets. [11] He also confirmed the idea that these types of systems
follow a decoupled growth mechanism and have an unstable solid liquid interface with unique
diffusion. [11] Figure 2.13 shows a preliminary idea of how these colonies and branches were
formed during solidification.
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Figure 2.12: Quenched Growth of GeAl eutectic at x450
Reproduced with permission from [13]4
Figure 2.13: Hellawell’s Illustration of the Germanium Lamellar growth, highlighting (a)
the termination of axial lamellar colonies within octahedral faces in untwinned crystals (b)
growth of axial colony with a single reentrant twin corner between {111} and {100} faces
and (c) growth front of non axial colony in which non axial lamellae join in a twin {100}
sheet. Used with permission of The Minerals, Metals, & Materials Society from [11]
Since Hellawell began this work, it has been established that Si and Ge form a {111} facet
when solidifying from the melt; this is known to have low mobility [14] and low energy. [15]
The {111} plane can form coherent Σ3 twin boundaries that are integral to solidification. A
twin-mediated growth mechanism called the Wagner [16] and Hamilton and Seidensticker [17]
(WHS) model was proposed in 1960 and was recently confirmed by Shahani et. al. [18] via
synchrotron x-ray tomography. This model involves two parallel twin planes, where the type
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I 141.06° re-entrant corner is constantly regenerated across the twin planes. [19] Two twins
are needed for this process to allow for continued growth; otherwise the re-entrant corner
will disappear (as seen in Figure 2.14). Diagrams of the double twin-mediated growth can
be seen in Figure 2.15.
Figure 2.14: Growth of crystal with one twin planes. The reentrant corned of 141° forms,
but is consumed via rapid growth until a triangular corner is formed. Due to the smooth
{111} planes on this new surface, growth is not considered to readily occur.
Reproduced with permission from [19]7
7Reprinted figures with permission from Fujiwara, K., Maeda, K., Usami, N. et. al., Physical review
letters, 101, 5, 55503, 2008. Copyright 2018 by the American Physical Society. DOI: 10.1103/Phys-
RevLett.101.055503
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Figure 2.15: Growth of crystal with two twin planes via WHS model
(a)base crystal with two twins sharing {111} habit plane (b-c) formation of triangular
growth via type I corner on twin1 (d) triangular growth propagating onto twin2, creating
two type I corners (e-f) rapid growth on type I corners (g) re-formation of type I corner on
twin1. The process continues.
Reproduced with permission from [19]7
Shahani et. al. were also able to confirm the idea Hellawell had regarding the growth of
the aluminum phase during Ge-Al solidification. [20] Using x-ray tomography, the aluminum
bulbs were seen to grow around the slower forming germanium crystals. The mechanism
looks slightly different than seen in Figure 2.12, but this is to be expected, as Hellawell was
using quenching to examine the mechanism while Shahani is using a real-time technique.




The chapter gives details on the motivation behind this project and the current field under-
standing of why eutectics form thermodynamically and how kinetics effects microstructure
formation and solidification. By working towards controlling the spontaneous microstructure
formation in eutectics, we might be able to open a new avenue to complex optical materials.
Fundamentally, eutectic systems can only occur for certain thermodynamic conditions and
can be split into two main categories: normal and anomalous. These systems are categorized
by the solidification mechanisms of their base components. If one or more of the components
follows a faceted growth mechanism (i.e. has an α factor greater than 2), it is considered
anomalous. Most eutectic solidification models only work for normal systems. The most
commonly used model was discovered by Jackson and Hunt, who use the curvature of the
solid/liquid interface and the composition gradient formed via diffusion and undercooling
during solidification to describe how these eutectics form and which normal microstructure
will occur. The work described in this thesis, however, focuses on anomalous systems. The
Jackson and Hunt model does not work due to the lack of kinetic component in the under-
cooling term, which accounts for the layered growth method needed for faceted solidification.
Instead, the WHS model is used to describe the solidification of both germanium and silicon.
Recent studies using x-ray tomography have confirmed this double-twin growth mechanism
of WHS and the behavior of aluminum overgrowth during GeAl solidification. For this work,
the understanding of how these germanium aluminum-based alloys will be expanded upon.
The work in this chapter describes near equilibrium cooling, where only the minimum under-
cooling needed for solidification is being considered. For the work described in the rest of this
thesis, non-equilibrium conditions, both in terms of undercooling and spacial confinement,
will be used for solidifying GeAl. By understanding how these two eutectic systems solidify
in near equilibrium environments, better conclusions of how changes in thermal gradient,
pull speed, and spatial confinement effect the microstructure can be drawn in this work.
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CHAPTER 3
EUTECTIC MATERIAL SELECTION AND
SAMPLE PREPARATION1
This chapter will cover the rationale behind choosing the eutectic system of interest, germa-
nium aluminum, as well as the sample preparation and experimental techniques used for the
eutectic project.
3.1 Materials Selection
As stated in Section 1.1, the periodic nature of eutectics is intriguing as a possible avenue for
creating spontaneous metamaterials. But not every materials system that forms a eutectic is
suited for this. When choosing the proper materials system, three major factors were consid-
ered: (1) the final microstructure formed, (2) the quality of the phase interfaces, and (3) the
optical properties of the two phases. Section 2.1.3 highlights how different microstructures
are formed and what different microstructures are available to eutectic materials. Specifi-
cally, there are two classes of microstructures that can form: normal and anomalous. For
optical materials, both classes of microstructures have already been shown to have interest-
ing influences on the final properties, [1, 2] so both are allowed in these studies. The key
is understanding how processing will affect the final microstructure and how this structure
affects the final optical response.
As for the quality of the interfaces, Sections 2.2.1 and 2.2.3 explain that the anomalous
eutectic systems have phases which are faceted, meaning they form atomically smooth in-
terfaces during solidification. Atomically smooth interfaces are of great interest for optical
applications, as it reduces scattering within the system, [3] so systems where one phase with
1Significant portions of this chapter have been prepared for submission in K. Tyler, A. Agrawal, A.
Kulkarni, C. Smith, J. Krogstad, P. Braun, “Effects of Spatial Confinement on Non-Equilibrium Faceted
Metallodielectric Eutectic Growth” in preparation
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α greater than 2 should be chosen. If both phases have α greater than 2, the system will
have competing interfacial requirements and will be difficult to control.
Finally, the optical properties of the two phases need to be considered. Metamaterials,
such as the split ring resonators mentioned previously, [4] take advantage of a property
of metals called surface plasmons. Surface plasmons are electromagnetic waves that exist
at metal interfaces. [5] The behavior of these plasmons is dependent on factors such as
film thickness and the dielectric medium surrounding said metallic film, [3] as well as the
carrier concentration and carrier mobility within the metal. [6] They can be excited at a
metal/dielectric surface interface and channeled using different surface patterning techniques.
[5] This propagation extends tens of hundreds of microns in the x- and y-directions, but is
limited in the z-direction to around 200nm with a decay length of 1/e. [7] The quality of the
surface plays a critical role in the x- and y-direction propagation, as any inhomogeneities can
cause problems such as absorption and scattering. Impurities and surface roughness should
be avoided, because defects such as grain boundaries and impurities within the surface can
reduce plasmon propagation. [5] Because of these factors, not all metals are well suited for
plasmonic applications. Metals like gold and silver have frequently been used, but they
have high losses at optical frequencies of interest. [6] Therefore, for eutectic systems for
metamaterial applications, one must consider the contrast between the two phases, the metal
phase within the eutectic, and the inherent interfacial roughness.
Based on these requirements, a few systems were considered. They can be found in Figure
3.1 below.
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Figure 3.1: Various Materials systems investigated for the Eutectic Project. Directional
solidification directions are highlight on appropriate images. (a) SnBi as cooled (b)
Ge-GeNi as cooled (c) GeAl as cooled (d) SnBi directional solidification (e) Ge-GeNi
directional solidification (EDS Image for contrast–Ni highlighted) (f) GeAl directional
solidification
Initially, tin-bismuth (SnBi) was chosen due to its faceted/non-faceted nature and low
melting point. While one phase can be etched to allow for improved optical contrast, it
was decided this was not the best system due to this additional processing constraint. Af-
ter that, systems with inherent optical contrast (metal-dielectric) were considered. Systems
such as germanium-titanium (GeTi) and germanium-nickel (Ge-GeNi) were explored, but
the contrast concerns between the two phases made determination of the structure compli-
cated. The high eutectic temperatures were also a concern. Based on these experiments and
further literature analysis, the germanium-aluminum (GeAl) system was chosen. It forms a
lamellar-like structure, which has already been used for optical applications. [8] For the in-
terfacial roughness, germanium has an alpha value of roughly 3, [9] which will theoretically
give atomically smooth interfaces between the two phases. As for the optical properties,
germanium behaves as a dielectric with an index of refraction of 4.11 at 1.9µm, [10] while
the aluminum behaves optically as a metal with an index of refraction 1.75 at 0.9µm. [11]
Aluminum has recently been identified as a promising low loss plasmonic material due to
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its high carrier concentration and mobility. [6] It also has a high degree of plasmonic tun-
ability [12, 13] over a wavelength range larger than both gold and silver, [14] making it an
ideal metal phase within the eutectic to study for these applications. Germanium can also
be etched by XeF2 gas while aluminum remains intact, allowing for even more tuning of the
optical properties of the final microstructure. It also has a lower melting point with respect
to the other Ge-based alloys.
Based on the solidification mechanism discussed in Section 2.2.3.1, it is clear that the
equilibrium microstructure is not periodic enough to fit the constraints of the application.
Therefore, the non-equilibrium microstructure will be investigated in this work to see if the
WHS model can be controlled for further long-range order.
3.2 Experimental Technique: Directional Solidification
Directional solidification is a common method of organizing eutectic microstructures. [15]
Therefore, it was the technique chosen to try and alter the microstructures of this system.
The sample preparation and details of the directional solidification setup can be found below.
3.2.1 Sample Preparation
The eutectic alloy (Al-27at%Ge) was purchased from Sophisticated Alloys Inc. where it was
made via vacuum arc melting at 99.99% purity. Samples were then cut via EDM wire cutting
into approximately 500 µm slices and were lightly polished to remove initial oxide layer and
possible machining sample contamination before melting. Preliminary experiments revealed
surface oxide removal is key during the processing of these materials, as the oxide layer can
act as a nucleation site during solidification.
3.2.2 Directional Solidification Setup Details
For the experiments in this study, a Macor fixture (Figs. 3.2, 3.3) was used to ensure con-
trolled thermal gradients and uniform thickness of samples during directional solidification.
36
Macor is a machinable ceramic material that would not react with the metallic sample. [16]
This fixture afforded control over three important parameters: (1) surface oxide removal,
(2) sample thickness variation, and (3) thermal isolation during solidification. As discussed
previously, the surface oxide can act as a nucleation site. Even with the preliminary oxide
removal, it is still prevalent during the experiments. To remove this oxide, a compression
rig via screws and springs is used. Figure 3.2 shows how the compression via the screws
allows for the fresh, oxide-free surface. The yellow highlighted areas in all the Macor fixture
schematics is what was eventually used for analysis (to avoid surface oxide effects).
Figure 3.2: Schematic of compression rig removing oxide layer from GeAl. Blue denotes
oxide covered starting surface, yellow denotes oxide-free surfaces. (a) side view showing
screws (b) top view (with top plate removed) showing oxide-free material.
The second factor afforded by this fixture is thickness variation. Literature has sug-
gested that spatial confinement of eutectic alloys can dramatically alter the corresponding
microstructures. [2, 17–21] The effect seen alters depending on the nature of the eutectic
(normal or anomalous) and the ratio of spatial confinement to lamellar size. Due to the
highly crystallographic constraints within the GeAl system, we wanted to see if spatial con-
finement would alter these effects. To probe this, three different sample thicknesses were
used in this study. Figure 3.3 shows how the three cases were achieved experimentally: (1)
single-compression (SC), (2) double-compression (DC), and (3) triple-compression (TC). SC
samples were created by compression the original GeAl pieces and allowing the oxide-free
material to flow along a milled channel 100 µm deep in the Macor in an Argon atmosphere
(Fig. 3.3a). DC samples were created by taking the SC piece and recompressing it in Ar-
gon between two flat Macor plates, creating a 40 µm thick sample (Fig. 3.3b). After this
level, additional force beyond spring compression was needed to further reduce the sample
thickness. Therefore, TC samples were created by recompressing DC samples in a vacuum
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atmosphere, allowing for a 50% thickness reduction for the thinnest samples studied of 20
µm (Fig. 3.3c). While we were unable to make samples with thickness on the order of the
lamellar spacing ( 1.6µm), the large range explored will give us an insight into the possible
spatial confinement effects.
Figure 3.3: Three compression fixture arrangements. Blue indicates the initial placement of
Ge-Al sample, Yellow indicates where the liquid GeAl flows during solidification. All are
shown from the side view (a): Single-compression via CNC-milled channels (b)
Double-compression, using flat Macor plates (c) Triple-compression, using flat Macor plates
and vacuum assistance
Finally, a high degree of thermal control was required for these experiments. Preliminary
setups with metallic fixtures highlighted the high thermal conductivity of GeAl and how this
can impact the thermal propagation (and thus the solidification) of the material. Because of
this, a modified tube furnace (Figure 3.4) was used to control the thermal gradient during
solidification. This setup allows for additional thermal isolation due to the sample hovering
within the furnace in a ceramic holder. An Argon atmosphere is used for all directional runs
to decrease the probability of oxide formation during solidification. For samples created
using the triple-compression method in Fig. 3.3c, samples were directly moved from vacuum
to argon atmospheres while compressed, minimizing exposure to air. A syringe pump, not
shown in Fig. 3.4, was used to control the rate of sample movement, thus changing the
solidification speed. Samples in this study were directionally solidified at three different
thermal gradients and three different draw rates. The rates for these experiments were
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chosen based on best results found through a variety of tests. Flow rates of µL/min on the
syringe pump were converted to µm/s. The copper tube inside the furnace allows for heat to
be rapidly removed from the center of the furnace, creating a gradient. This gradient can be
adjusted by changing the set temperature inside the furnace. The thermal gradients inside
the furnace at various temperatures with their relation to the eutectic melting point can be
seen in Figure 3.5.
Figure 3.4: Custom Furnace Setup
Figure 3.5: Furnace Thermal Gradient Profiles
After directional solidification, images to determine degree of surface order were taken
using Scanning Electron Microscopy (SEM), which can be seen in Section 4.1. Focused Ion
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Beam (FIB) milling was used to examine cross sections near the surface of the samples, as
seen in Section 4.3. After imaging, multiple techniques were used to determine the degree of
order both on the surface and within the depth of the samples. They are explained below.
3.3 Sample Analysis Techniques
3.3.1 Two-dimensional Fast Fourier Transform Analysis
Two-dimensional Fast Fourier Transform (2D-FFT) Analysis was performed on 40µm x
50µm surface images to determine order between different gradients and draw rates [22] via
a Python code. Two image processing steps were implemented to reduce noise introduced
during SEM. First, SEM images were thresholded and converted to binary. Second, a mor-
phological close/open was applied to the binary image to remove isolated pixels. The 2D
FFT images were further analyzed in polar coordinates to determine the angle and radial
distance of the highest points in the FFT image. These points correspond to the most promi-
nent periodic directions within the samples. A line is drawn through the maximum intensity
points and the average lamellar spacing, λ can be determined. The intensity profiles through
the highest points were pulled out, smoothed using adjacent-point averaging, and converted
to inverse microns.
Through this analysis, we can determine the degree of order through three different
variables: (1) angle of maximum 2D-FFT intensity, (2) number of max intensity points
within the 2D-FFT plot, and (3) the shape of the maximum intensity plot. The angle of the
maximum 2D-FFT intensity line should be 90° to the pull direction for perfectly directionally
solidified samples. All SEM images were taken aligning the pull direction with the vertical
axis, so the angle of interest is 180° horizontal. The closer to 180°, the more aligned the
sample is with the thermal gradient within the furnace. The number of high intensity points
within the 2D-FFT plots shows the number of highly ordered directions within the sample.
There should only be one set of high intensity points for an ordered sample, similar to a
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diffraction grating. The shape of the maximum intensity line plot indicates the degree of
variability within the highlighted lamellar direction. The highest ordered samples would
have sharp peaks. Pictures of this analysis process can be seen in Figure 3.6 and the results
can be found in Section 4.2.1.
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Figure 3.6: FFT Analysis Process (a) high intensity peaks highlight major directions within
the image (b) Angle within FFT image can be directly correlated to alignment of lamellae in
FFT (c) High intensity peaks can be extracted and turned into lamellar spacing. The red
peak shows the more aligned direction, shown by the darker spots in the FFT pattern and
the sharper and higher intensity peaks in the intensity plot
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3.3.2 Electron Backscatter Diffraction Analysis
Electron Backscatter Diffraction (EBSD) analysis was conducted on the surface of the sam-
ples to try and determine which crystallographic directions, if any, were prominent in the
ordered regions on the samples. EBSD was first described by Venables, et. al [23] and is
used for a variety of crystallographic orientation and imaging analysis. It works by taking
Kossel cones generated by the sample interacting with the electron beam and performing
a Hough transform on the Kikuchi bands. [24] These transforms are matched to computer
databases, giving an inverse pole figure of the crystallographic directions in various materi-
als. By creating these images for directionally solidified samples, we can determine whether
or not the samples still follow the WHS model discussed in Section 2.2.3.1.
For the sample preparation, samples were additionally polished using a Gatan PECS II
Ion Polisher to improve the surface finish. Then, a Scios 2 FIB with an EDAX Hikari Super
EBSD Camera was used to perform the EBSD measurements. Due to the single crystalline
nature of the eutectic lamellae, a dynamic background was used during data collection in or-
der to allow for high signal collection. Data analysis was done using accompanying software,
EDAX Orientation Imaging Microscopy (OIM). The resulting Kikuchi bands were mapped
for Germanium. Because of the similar crystallographic unit cells for Ge (diamond cubic)
and Al (FCC), aluminum was also detected in these scans. A confidence index in mapping
greater than 0.1 was used for all analysis. EBSD results can be found in Section 4.2.3.
3.3.3 Preliminary Optical Analysis
Due to the motivation of this work, preliminary optical analysis was conducted to determine
how the improved sample order effects optical properties. While the main focus of the data
analysis is determining degree of order and specifics of sample changes during solidification,
the optical analysis shows the preliminary promise of this system via ordering.
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3.3.3.1 2D Order Confirmation: Reflectance via Fourier-Transform Infrared
Spectroscopy (FTIR)
To determine how the order of the samples affects the optical response, reflectance measure-
ments were taken using an FTIR. The spot size was picked to reduce noise within the results
from disordered sample regions. Samples were mounted on glass coverslips with Norland Op-
tical Adhesive (NOA) to ensure samples were flat for measurements. To increase contrast,
germanium was partially etched using XeF2 gas. Wavelengths from 0.8-2.5µm were probed
to avoid the absorbance region of glass. These results can be found in Section 4.2.2.
3.3.3.2 3D Order Confirmation: Light Transmission
While FIB cross sections were performed in ordered sample regions to determine 3D order,
this is over a very small area. To see the larger 3D sample order, samples were thinned then
the Ge was completely removed via XeF2 gas. Then the sample was placed on a transmission
optical microscope to see how much, if any, light shines through. The purpose of this is to
determine how straight the lamellae are through the cross section of the sample. If they are
straight from the top to the bottom, light should shine through the sample. These results
can be found in Section 4.3.
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“Nonlinear plasmonics in eutectic composites : Second harmonic generation and two-
photon luminescence in a volumetric Bi2O3-Ag metamaterial Nonlinear plasmonics in
eutectic composites : Second harmonic generation and two-photon luminescence in a
volumetri,” Applied Physics Letters, vol. 031102, no. 110, 2017.
[2] J. Kim, L. K. Aagesen, J. H. Choi, J. Choi, H. S. Kim, J. Liu, C. R. Cho, J. G. Kang,
A. Ramazani, K. Thornton, and P. V. Braun, “Template-Directed Directionally Solid-
ified 3D Mesostructured AgCl-KCl Eutectic Photonic Crystals,” Advanced Materials,
vol. 27, no. 31, pp. 4551–4559, 2015.
[3] H. Raether, “Surface plasmons on smooth surfaces,” in Surface plasmons on smooth
and rough surfaces and on gratings, pp. 4–39, Springer, 1988.
[4] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S. Schultz, “Composite
Medium with Simultaneously Negative Permeability and Permittivity,” Physical Review
Letters, vol. 84, no. 18, pp. 4184–4187, 2000.
[5] P. Nagpal, N. C. Lindquist, S.-H. Oh, and D. J. Norris, “Ultrasmooth patterned metals
for plasmonics and metamaterials,” Science, vol. 325, no. 5940, pp. 594–597, 2009.
[6] A. Boltasseva and H. A. Atwater, “Low-loss plasmonic metamaterials,” Science, vol. 331,
no. 6015, pp. 290–291, 2011.
[7] K. A. Willets and R. P. Van Duyne, “Localized surface plasmon resonance spectroscopy
and sensing,” Annu. Rev. Phys. Chem., vol. 58, pp. 267–297, 2007.
[8] E. Cubukcu, K. Aydin, E. Ozbay, S. Foteinopoulou, and C. M. Soukoulis, “Electro-
magnetic waves: Negative refraction by photonic crystals,” Nature, vol. 423, no. 6940,
pp. 604–605, 2003.
45
[9] A. Hellawell, “The growth and structure of eutectics with silicon and germanium,”
Progress in Materials Science, vol. 15, no. 1, pp. 3–78, 1970.
[10] H. H. Li, “Refractive index of silicon and germanium and its wavelength and tem-
perature derivatives,” Journal of Physical and Chemical Reference Data, vol. 9, no. 3,
pp. 561–658, 1980.
[11] L. G. Schulz and F. R. Tangherlini, “Optical constants of silver, gold, copper, and
aluminum. II. The index of refraction n,” JOSA, vol. 44, no. 5, pp. 362–368, 1954.
[12] O. Lecarme, Q. Sun, K. Ueno, and H. Misawa, “Robust and Versatile Light Absorption
at Near-Infrared Wavelengths by Plasmonic Aluminum Nanorods,” ACS Photonics,
vol. 1, pp. 538–546, jun 2014.
[13] G. H. Chan, J. Zhao, G. C. Schatz, and R. P. Van Duyne, “Localized surface plasmon
resonance spectroscopy of triangular aluminum nanoparticles,” The Journal of Physical
Chemistry C, vol. 112, no. 36, pp. 13958–13963, 2008.
[14] M. W. Knight, N. S. King, L. Liu, H. O. Everitt, P. Nordlander, and N. J. Halas,
“Aluminum for Plasmonics,” ACS Nano, vol. 8, pp. 834–840, jan 2014.
[15] S. Akamatsu and M. Plapp, “Eutectic and peritectic solidification patterns,” Current
Opinion in Solid State and Materials Science, vol. 20, pp. 46–54, feb 2016.
[16] Corning, “MACOR® Machibable Glass Ceramic for Industrial Apllications,” 2012.
[17] J. D. Hunt and J. P. Chilton, “An investigation of lamellar rod transition in binary
eutectics,” Journal of the Institute of Metals, vol. 91, no. 10, p. 338, 1963.
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CHAPTER 4
EUTECTIC RESULTS AND DISCUSSION1
This chapter will cover the results from the GeAl directional solidification experiments and
the discussion of the analysis to determine the solidification results that lead to the highest
degree of order, in both 2D and 3D, and how that impacts the crystal structure and optical
properties of the material.
4.1 Directional Solidification Parameter Optimization
The first step in ordering the GeAl system was to survey the available directional solidifi-
cation parameters and optimize them. For this optimization, only surface order was used.
The theory behind this is that if the surface is not ordered, the interior of the sample will
also not be ordered. Initial optimization was done by simply examining the SEM images by
eye to determine the general parameter areas of interest. As shown in Figure 3.5, there are
three distinct thermal gradients available with the laboratory furnace setup used in these
experiments. The effect of thermal gradient can be seen in Figure 4.1. All samples were
solidified using the same draw rate.
1Significant portions of this chapter have been prepared for submission in K. Tyler, A. Agrawal, A.
Kulkarni, C. Smith, J. Krogstad, P. Braun, “Effects of Spatial Confinement on Non-Equilibrium Faceted
Metallodielectric Eutectic Growth” in preparation
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Figure 4.1: SEM Images of samples at various thermal gradients at a constant draw rate of
321 µm/s. Pull direction is shown in the figure.
Simply looking by eye, the 9°C/mm samples seem to have the most order. This is to be
expected, as higher thermal gradients are most commonly used in directional solidification.
[1, 2] The next variable to investigate was the various draw rates. For the furnace setup used
in these experiments, a larger range of rates could be accessed. A select few were chosen for
in-depth study, which can be seen in Figure 4.2.
Figure 4.2: SEM Images of samples at draw rates at 9°C/mm thermal gradient. Pull
direction is shown in the figure.
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For the majority of the experiments, a small range of draw rates (rates from Figs.4.2 b-d
and f-h) were used. Figs.4.2 a and e were included to show how an order of magnitude change
in draw rate, for this particular system, does not give a large increase in order throughout
the sample. The ratio of magnitude between draw rate and thermal gradient aligns well
with other directional solidification studies done elsewhere. [1, 3] Figs.4.2 f-h show regions
that show high degrees of alignment in comparison to a slow cooled sample. While these
results are quite promising, they raise four more questions: (1) which of these parameter
combinations gives the highest degree of order along the solidification thermal profile of the
sample, (2) how does this surface order translate to 3D order for the various thicknesses of
samples, (3) do these localized ordered regions follow the WHS solidification model, and (4)
how do these regions affect the optical response of the material. The data analysis in the
next two sections will serve to try and answer these questions.
4.2 Surface Order Analysis
4.2.1 FFT Analysis
The first task was to determine which samples had the highest degree of surface order based
on various draw rates at the 9°C/mm thermal gradient. FFT analysis, as described in Section
3.3.1, was performed on SEM images of all the same magnification and orientation relative
to the solidification axis. The results, as well as an as-cast sample for comparison, can be
found in Figure 4.3.
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Figure 4.3: SEM Images and their corresponding FFT analysis outputs for various draw
rates at 9°C/mm thermal gradient. Pull direction, when applicable, is shown in the figure.
(a) as-cast SEM (b) 212 µm/s SEM (c) 321 µm/s SEM (d) 413 µm/s SEM (e) as-cast
FFT (f) 212 µm/s FFT (g) 321 µm/s FFT (h) 413 µm/s
The FFT outputs in Figure 4.3 clearly show the difference between the as-cast and
directionally solidified samples. All directionally solidified samples have only one dominant
direction, shown by the pair of high intensity red dots within the corresponding FFT outputs,
as compared to the three dominant directions shown in the as-cast sample output. This result
was expected. When we look more closely at the FFT outputs for the directional samples,
however, it is clear that the small changes in pull speed have a large impact. Both 212
µm/s and 413 µm/s samples (Fig.4.3 f and h) are diffuse peaks as compared to 321 µm/s
(Fig.4.3g). This can also be seen in the 2D line plot of the intensity values, normalized to
inverse micron in Figure 4.4. This diffuse peak shows the degree of order within the dominant
lamellar direction is not completely straight, which does not match with the goals of this
experiment. The angle of these high intensity points also gives an insight to the degree of
order. As stated previous, the angle should be close to 180 degrees for an aligned sample
due to the orientation relationship in FFT space. Therefore, the combination of the sharp
intensity peak and horizontal peak orientation shows that the conditions from Fig.4.3 c and
g (321 µm/s and 9°C/mm) give the most ordered sample. These ordered regions are unseen
in the literature thus far. [4, 5]
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Figure 4.4: Average Lamellar Spacing across samples at 9°C/mm
4.2.2 Surface Optical Response
To ensure this order is seen across all ordered areas of the sample, multiple images of ordered
areas from the same sample were analyzed and the results averaged. Sample 4.3g had an
average angle of 165.1°, or roughly an alignment of 92%. This alignment was high enough
to alter the optical response of the material, as shown in Figure 4.5. This data was collected
from a highly ordered region of a 321µm/s, 9°C/mm sample that had been etched using
XeF2 gas. The reason for the etch was to improve contrast in the experimental setup used.
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Figure 4.5: Reflectance Measurements of XeF2 Etched, 321 µm/s 9°C/mm samples.
Parallel polarization is given as 0
The curves show a clear response based on the polarity of the light, suggesting order
across the region probed. A peak is seen at roughly 1.6µm, which shows the average lamellar
spacing λ for that region (see Fig.4.4). The broadening of the peak can be explain by two
major contributions: variations within the lamellar spacing for aligned direction causing
high responses from wavelengths other than 1.6µm and variation within the angle of aligned
direction will increase signal for 1.6µm at other polarizations. The 50% reflection is expected
due to the dull sample surface after etching. While not a new structure for optics, this
result does show that surface order can be achieved with a high enough degree of order
to influence the optical response of the material. This confirms that the methods we are
using to control the microstructure are moving this work in the right direction for the overall
project motivation.
4.2.3 Surface EBSD analysis
The microstructure formed in the ordered sample region, while beneficial for the potential
system applications, does not match the expected morphology due to the WHS solidification
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mechanism. To try and understand why this occurs, EBSD was used to probe the crys-
tallographic structure of the microstructures. Based on the WHS model, {111} and {100}
branches of Ge are expected, with no real orientation relationship in the Al lamellae. The
EBSD map and its corresponding SEM image can be seen in Figure 4.6. There are two
distinct microstructure regions in this sample, as denoted by region I and region II.
Figure 4.6: EBSD results for sample surface. Regions of interest I and II are noted. (a)
SEM image of analyzed region, with Ge and Al phases highlighted. (b) EBSD map of
out-of-plane crystallographic directions with the corresponding cone map.
Based on the EBSD results, there are two dominant out-of-plane Ge orientations present.
Region I seems much more disordered, with dominant {111} Ge directions and no discernible
Al orientation. This is what would be expected based on the WHS model (see Fig. 2.15);
strong germanium orientations with no overall aluminum orientation relationship. In region
II, however, there seems to be an orientation relationship between the germanium and alu-
minum lamellae. The Ge is in the {101} direction out-of-plane, while the Al is in the {001}
direction out-of-plane. Region II is representative of the highly ordered areas seen in Figures
4.3c. While further in-plane directional EBSD analysis would be needed to fully under-
stand what is occurring, this relationship is clearly important to understand for improving
the size area these regions cover. Our hypothesis is that the thermal isolation within the
sample during solidification allows for aluminum to form a complementary crystal structure
to germanium. This allows for the ∆Tk term from Equation 2.9 in Section 2.2.2.1, which
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accounts for kinetic component during solidification, to be lowered locally. This local lower-
ing of kinetic constraints within the germanium would allow for regions of coupled growth,
similar to that seen in normal eutectic systems. There have been reports of highly crystal-
lographic eutectic microstructures changing crystal structure formation [6] or even changing
from faceted to non-faceted [7] during non-equilibrium solidification. Due to the small areas
of this coupled solidification, it would seem that the thermal isolation is not uniform within
the system. This lack of thermal understand during solidification will be touched on more
in Sections 4.4 and 6.1.
4.3 Three Dimensional Order Confirmation
After confirming which solidification parameters created the most well-aligned lamellae re-
gions, the effect of sample thickness was investigated. The three experimental sizes, as
described in Section 3.2.1, were solidified at the 321 µm/s, 9°C/mm conditions and cross
sections (cs) were examined via FIB. All FIB cs were performed at the highly ordered sur-
face regions in a 10µm by 10µm cut. The results can be seen in Figure 4.7.
Figure 4.7: FIB Cross Sections of Various Sample Thicknesses. The surface of the sample
is at the top of the image for all cases. (a):SC-100 µm (b) DC-40 µm (c) TC- 20 µm
As predicted, the 3D order varies as a function of thickness. There is a large ordering
jump between 100 µm (Fig. 4.7a) and 40µm (Fig. 4.7b), where the lamellae begin to extend
into the depth of the material more than a few microns. The lamellae in the 40 µm sample,
however, are very jagged and the beginning of smaller branches can be seen on many of them.
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The 20 µm sample (Fig. 4.7c) shows a high degree of order with very smooth lamellae well
into the depth of the sample. The beginning of some branching can be seen at the bottom of
the sample, suggesting that some lamellae do not extend the depth of the sample. As stated
previously in Section 3.2.2, confinement can have a large impact on eutectic microstructures,
particularly if the confinement is on the order of the lamellar spacing. [8–13] While the
confinement in these experiments is not on the order of lamellar size, it still seems to have
a profound impact on the overall order of the system. Understanding how crystallographic
orientation varies during spatial confinement could give a possible insight into the mechanism
behind this. More details on this can be found in Section 6.1.
While the FIB cross sections serve to probe the degree of internal ordering beneath the
surface ordered regions, we wanted to understand more clearly what the entire internal struc-
ture of the sample looked like. To investigate this, a 40 µm sample was thinned mechanically
and etched via XeF2 gas to allow for light to pass through the sample. The sample was then
placed on an optical microscope to determine how many lamellae, if any, were oriented
vertically through the sample enough to allow light to pass through. This test serves two
purposes: (1) it allows for a more global understanding of the internal microstructure of the
samples and (2) it further probes the orientation of internal lamellae. If they have a truly
vertical orientation as depicted by the sample surface, light will pass completely through via
a optical microscope. This intermediate thickness was chosen for this experiment because it
serves as a transition point for thickness effects, as can be seen in Fig. 4.7. Samples were
thinned to reduce etch time and to reveal the internal microstructure more clearly across the
whole sample. An SEM image of the sample interior and optical transmission image can be
seen in Figure 4.8.
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Figure 4.8: XeF2 Etched Thinned Samples for Transmission
(a):SEM Image of sample after etching
(b): Optical microscopy image in transmission mode, highlighting complete etching of Ge
lamellae
From the SEM image, it is shown that while there are ordered regions within the middle of
the sample, there are also large aluminum agglomerations. This further confirms the theory
from Section 4.2.3 that thermally, the sample is not uniform during directional solidification.
Despite this thermal inhomogeneity, there are still ordered regions of the sample that extend
through the depth, as shown from the light passing through the etched Ge regions in Fig.
4.8b. Once again, this is a promising result showing this is the right path to forming more
complete ordering for optical and other applications with this system.
4.4 Conclusions
In this section, the results from directional solidification of germanium aluminum eutectics
and the resulting microstructure, both surface and interior, have been shown. Local highly
ordered regions can be found on the surface of samples solidified in our Macor fixture at
321 µm/s and 9°C/mm. This surface order was confirmed via SEM and FFT analysis.
Crystallographic analysis of the surface via EBSD shows that the highly ordered regions
have an orientation relationship between the germanium and aluminum that is unseen in the
literature thus far. The working hypothesis for this orientation relationship is the thermal
gradients within the system allowing for the Al phase to form a specific crystallographic
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orientation. This orientation compliments that of the Ge phase, allowing for a reduction
in kinetic constraints in germanium solidification. This complementary crystallographic
orientation allows for localized cooperative growth regimes within the system, similar to that
of normal eutectics. The thermal environment during solidification is most likely not uniform
due to the fact these regions are scattered across the surface. More investigation should be
done to understand the thermal gradients going through the samples during solidification;
this will be explained in more detail in Section 6.1. These ordered regions do exhibit the
expected optical response during reflection measurements, confirming the materials selection
and methodology to create optical interesting materials.
Three different sample thicknesses were investigated to determine the possible effect of
confinement on the internal sample order. FIB cross sections show that the more confined the
sample, the more ordered the interior becomes underneath surface order regions. Throughout
the bulk of the sample, it was shown that there are large aluminum agglomerations, further
confirming the lack of thermal homogeneity during solidification. Despite this, some regions
of the sample do have lamellae ordered through the depth of the sample. This shows promise
for controlling these microstructures for more complex applications.
Overall, these results are quite promising for not only controlling microstructures for
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CHAPTER 5
OUTREACH CAMP STRUCTURE STUDIES
This chapter focuses on furthering the understanding of how engineering outreach camp
curriculums impact the efficacy of the camps. The motivation for this work comes from the
author’s experience running a small (around 20 participants), week long camp for young
women in high school (ages 14-18) for the past six years. A small background of the current
state of engineering education literature regarding outreach curriculum efficacies and their
incorporation of engineering design. Then, a detailed explanation of the materials camp
restructuring that was the impetus of these studies will be explained. The first study from
2016 attempted to show how our camp structure effected the campers’ immediate perceptions
of materials science and engineering and the activities themselves. The purpose of this study
was to simply determine whether the large changes we made were well received. In 2017, we
wanted to understand how our camp structure compared to that of other GAMES camps
run in other departments. We chose three camps to study: (1) our camp, which we call the
design-integrated camp, (2) Girls Building Awesome Machines (GBAM), which we call the
design-focused camp based on its large overarching design project, and (3) Environmental
Engineering (EES), which we call the design-absent camp based on its lack of overarching
design project. The purpose of this study was to see how camp structure, specifically design
projects, impact engineering perceptions before and after camp. A pre- and post-survey
was implemented to help understand these immediate changes in perception over the course
of the week. Our data suggests that structure impacts outcomes significantly, despite the
small N values of around 20. These two studies have influenced the future direction of this
research, which will be summarized here and in the final chapter.
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5.1 Engineering Education Literature on Outreach Camps
Many people have reported their experiences while conducting outreach camps in a variety of
STEM fields. [1–18] Unfortunately, there is a high degree of variability within these reports.
Almost all papers found in the literature used a survey of some kind to try and understand
the efficacy of their summer camp, but the statistical reliability and validity of the results is
often not reported. Many papers simply state what went well and what could be improved,
with very few details that would allow the reader to try and implement this camp in any
form. [1–7] Others run more rigorous studies, [16, 18] focusing on topics such as on the long
term impacts of their camp on young womens’ engineering interest. [13, 17, 19]
Within this wide variety, it can be hard to cover all the literature in this field. A selection
of the literature specifically focused on how outreach camp structures are discussed and how
engineering design is incorporated into these camps will be focused on in the next two
subsections.
5.1.1 Outreach Community Camp Structure Understanding
When starting an engineering outreach camp, creating the structure of the camp can be the
most daunting part. Because of this, many authors report some details of the activities and
the way the camp was run. Even within this, there is a high degree of variability. Some
simply mention the structure without going into a high degree of detail. [6, 10] Others give
more detail, such as schedules [9], written details [3], or both. [2, 8, 11, 20] Some even shared
entire camp curriculum booklets either on the web or in supplemental information, [14, 21]
with the hope of others being able to use these resources for their own camps. While these
articles are important, there is more discussion needed within the community other than
sharing best practices.
With respect to how effective certain curriculums are and specific details as to what parts
of the curriculum elicited those changes, there is less to find. The most common commentary
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within the literature is very general about how items such as role models and general exposure
to engineering/science have improved overall participant opinions and confidence in STEM.
[2, 10] Other camps focused on how the camp increased participant understanding or interest
in engineering, either in general or for a specific discipline. [3, 4] While some of these reports
use very surface level analysis, papers like Hammack et. al. used both quantitative survey
results and qualitative interviews to draw deeper conclusions regarding this positive impact.
[18] Some researchers do go deeper and make comments about specific actives and how they
might have impacted opinions throughout the week, [6] but these are rare.
Making comparisons between these reports is very difficult, as all the camps were con-
ducted at different universities with different time scales, environments, etc. Papers that do
cross camp comparisons of efficacy at the same institution are rare. Only one report was
found, written by Nadelson et. al. In this paper, comparisons were made between two camps
run at the same institution. But the populations, timescale, and other factors were quite
different. [22] While this type of research is important, we wonder what comparisons could
be drawn when there are more similarities between the camps in question. That way, more
information regarding specific curriculum aspects could be determined.
5.1.2 Engineering Outreach Design Incorporation
Within engineering outreach curriculums, there is interest in how design is incorporated into
engineering camps, if at all, and how that impacts participant opinions. As Dym et. al. has
stated, design is an integral part of engineering. [23] The Accreditation Board for Engineering
and Technology (ABET) has even built engineering design into its student outcomes, [24]
making it prevalent in most engineering programs. Most programs utilize either a capstone
[25, 26] or a cornerstone (first year) program to incorporate this design cycle. [27] Research
on these programs suggests that they are highly effective at increasing self-motivation [28]
and prepare students for careers as engineers. [29] Based on this prevalence of design in
college, [30] it makes sense to include it in K-12 initiatives. Many camps do use this rationale
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and include engineering design in their camps. This incorporation ranges from small design
activities [6, 15] to large projects spanning the whole week. [1, 9]
The most common reason for incorporating design is to give participants a taste of what
engineers do in real life and to improve understanding of what engineers are. [2, 9, 12] Some
authors, such as Yilmaz et. al., used engineering design concepts to try and understand
how much the students learned over the course of the camp. [15] One important detail
stressed within the literature is how design was incorporated within the camps. Papers that
went through the process of developing one of these camps spent a lot of time stressing the
importance of properly designed design projects that were able to be completed within the
time allotted. [1, 15] This is particularly apparent in Elam et. al., where this was not achieved
and negative survey results were seen because of it. [6] Once again, this is a promising start,
but more could be done to understand the importance of including design in camps.
5.2 Girls Learning About Materials Camp Structure1
This section explains the motivation behind the large camp curriculum overhaul that oc-
curred in 2015, the details of the camp curriculum being studied, and the small internal
validation study results conducted in 2016.
5.2.1 Motivation for the Camp Structure
Materials science and engineering (MSE) is the study and design of materials and is an
integral part of many different fields. The discoveries from this branch of engineering cover
everything from the materials used in knee implants to the solar panels on the roofs of
buildings. It is this widespread set of applications that makes MSE a rich area for engineering
outreach; it is relatable to a student’s day-to-day life in ways they do not expect. As cited
1Content in this section was previously published by the author in the journal article “Implementing
Design Thinking into Summer Camp Experience for High School Women in Materials Engineering” by
©2017 American Society for Engineering Education. ASEE Annual Conference Proceedings, June 2017,
Columbus, Ohio [31] and is republished with permission
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earlier, many of the applications of MSE fit into the intrinsic motivation women have to
improve people’s lives that was mentioned earlier. [32–34]
Professor Dallas Trinkle in the Materials Science Department at the University of Illinois
Urbana Champaign (UIUC) started our camp, Girls Learning About Materials (GLAM),
in 2010. GLAM is part of a larger program at UIUC called Girls Adventures in Math
Engineering and Sciences (GAMES). The GAMES camps cover a variety of engineering
disciplines. GLAM is a weeklong residential camp, which literature shows to be more effective
for improving female retention than day camps. [17] Each year since its beginning, the
program has welcomed twenty participants, all of whom are women entering grades 10-12.
The girls all apply to be in GLAM. The application requires students to submit their grades,
an essay, and a letter of recommendation. Most of the participants self-select to apply and
attend this camp.
The purpose of this camp is to showcase this little-known field of engineering through a
wide variety of topics. Over the years, GLAM has curated a broad set of hands on activities
that the students routinely enjoy. This variety, however, has its downsides. These activities
span a huge range of applications, leading to the impression that they are completely unre-
lated. This apparent lack of coherency can lead to a sense of confusion among the campers,
which can, in turn, become discouraging and leave the students with an overall negative
impression of engineering. The efficacy of the outreach program could thus be dramatically
reduced. For example, campers gave these responses in a survey conducted at the end of
GLAM in 2014.
“There was not much in the way of connecting things - we’d learn a cool thing, do a lab,
and then move on to a completely unrelated subject.”
“Some things were difficult to follow due to the short amount of time, but the instructor
overall explained to the best ability within the amount of time.”
These issues within the camp have led the current coordinators, the authors of this work,
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to change the structure of GLAM to include a tool that explicitly shows how concepts are
connected.
The main goal of the restructuring the camp was to reduce this confusion and improve
comprehension. To do this, we utilized the transfer of learning theory. The transfer of
learning theory states that comprehension of topics can be shown when students have an
opportunity to put both new and old information to use when solving a new problem. [35]
Royer discusses the idea in depth and brings to light the idea of using transfer of information
as an indication that understanding has been gained. [36] Different degrees of understanding
can be achieved when transfer occurs in different ways. A schematic explaining the degrees
of concept mastery can be seen in Figure 5.1.
Figure 5.1: Royer’s Varying Degrees of Understanding. Adapted from [36]
Near transfer is being able to identify the need to use a newly learned skill due to
contextual clues between instruction and transfer. Far transfer occurs when a newly acquired
skill is needed, but that information is not provided to the learner. Literal transfer when
applying a new skills to a specific task, while figural transfer involves using a new skills in
a more complex problem-solving situation. [36] Figure 5.1 shows how these different kinds
of transfer can work together to lead to different types of skill mastery, varying from basic
skills to expert performance.
With this information in mind, two different restructuring approaches were adopted: (i)
a cohesive framework to connect the activities together while preserving the diversity of the
field and (ii) a design project. Details on the motivations behind these organizational choices
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will be provided in the following sections.
5.2.2 The Materials Science Tetrahedron: A Unifying Framework
MSE is often described using the materials science tetrahedron (see Figure 5.2).
Figure 5.2: The Materials Science Tetrahedron. Adapted from [37]
The four vertices of the tetrahedron describe the four main areas of study within MSE:
(i) the structure of materials at the atomic level, (ii) the fundamental properties of materials,
(iii) the processing techniques used to create materials, and (iv) the performance of materials
in their final application. [38] All of these aspects are interconnected, shown by the gray bars.
Characterization is in the middle of the tetrahedron because it is the technique used to study
how all of these different topics are interconnected. This connection between fundamental
aspects of materials science was the reason the tetrahedron was chosen as an organizational
scheme for GLAM. The motivation behind this choice was that by giving the students some-
thing to which they can relate every activity; the field of materials science would feel more
cohesive as a whole. We hypothesize that using the tetrahedron to unify various materi-
als science concepts could improve overall comprehension of this highly multifaceted field,
thus avoiding the potential for confusion to be perceived as inability. Giving the students
a chance to make connections between new information and their existing understanding of
materials is a chance to show transfer of learning, specifically figural transfer. [36] Details
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of the framework integration and how learning transfer was built in will be given in the
implementation section.
5.2.3 Design Project: Linking Concepts With Application
Another way of connecting a seemingly complex topic is a design project. As mentioned
previously, design has been shown to improve student retention at the collegiate level. [23]
Despite these findings at the collegiate level, there is little in the literature demonstrating
successful extension of this to the outreach level. 2016 was the first summer a design project
was added into the GLAM camp structure. We hypothesized that including design thinking,
combined with teamwork, would be an effective strategy to increase the girls’ confidence in
their abilities as engineers and therefore their sense of belonging. The design project is also
the ultimate chance for the campers to participate in the transfer of learning. By having the
girls go through the design process, they are encouraged to synthesize the ideas and content
they have learned throughout the week. This successful application of engineering ideas
will leave a positive impression on the participants, showing competency within engineering.
Our rationale is that this positive association and proof of competency will increase the
sense of belonging, since competency is a key factor in young women’s continued interest in
engineering. [39] Details of the design project and its strategy to connect the whole camp
together via transfer of learning and comprehension will be given in Section 5.2.7.
5.2.4 GLAM Schedule and Overall Structure
The general structure of camp can be seen in Figure 5.3. There are four main activities that
occur during camp: (i) hands on lecture, where lab activities are integrated into lecture,
(ii) lecture, where the girls are listening to a presentation from one of the coordinators, (iii)
lab, where the students go into a lab environment to conduct experiments, and (iv) design
project, where the students are specifically working on their overarching project. Figure 5.4
also shows how each activity is related to the materials science tetrahedron. Activities that
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have a blended color indicate the topic incorporated several of the pillars. Each part of the
tetrahedron is touched on multiple times, giving the girls repeated exposure to each pillar
of materials science and different possible combinations thereof. All three schedules used in
the studies talked about in this work are shown.
Figure 5.3: The GLAM Camp Structure Evolution
Figure 5.4: Pillars Of The Tetrahedron (Color-Coded) And The Modules With The Specific
Pillars Covered In That Particular Activity.
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5.2.5 Framework Introduction Implementation
The first day starts with a longer lecture to introduce the materials science tetrahedron.
To try and break up the lecture, hands-on activities and demos were placed throughout to
increase student engagement. Interactive questions are also presented via PollEverywhere,
an app that allows for students to answer questions via their cell phone. Incorporating cell
phones into lecture was seen as a way to include what is normally considered a distraction.
Previous iterations of camp had the same longer intro lecture, but without as many interac-
tive demos and questions. Instead, the information in this lecture was thoughtfully pruned
to ensure that all the students were drawing from the same knowledge base in the more
focused activities later in the week. Because the students all come from different grades and
schools, their understanding of basic chemistry and physics is varied. As a result, feedback
from past camps included comments such as these from the end of camp surveys.
“Some lessons were difficult due to lack of prior knowledge on the topic”
“I think you need to change the lectures based on the age level of the group. Because the
majority of my group took chemistry, some of the material was review”
To combat this, topics that would be considered “review” were always paired with an
interactive activity to encourage engagement and discussion from the students who have
already seen the topic while still teaching the important information to those who have not.
5.2.6 Transfer of Learning Implementation
Our approach to improving comprehension through transfer of learning was realized in three
major ways throughout the week. One way was the design project, which will be covered in
more detail in the following section. The second was through small lectures before hands-on
activities. PollEverywhere was utilized in these lectures to promote discussion and analysis
of the information during the lectures instead of passively listening. These questions were
designed to engage in near transfer, since they occur during lecture and give the students a
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chance to apply newly learned information in that same situation it was learned. [36] Figure
5.5 gives an example of a PollEverywhere survey result. The question given to the students
was “Where does Fracture Fit in the Materials Science Tetrahedron?”. According to the
schematic in Figure 5.4, fracture fit under both structure and properties, which were the
number one and three answers the girls provided. Polls like this allowed students’ to see
each other’s answers and come to conclusions about the information for each activity as a
group.
Figure 5.5: PollEverywhere Responses Regarding The Unit’s Place Within The Tetrahedron
For The Fracture Unit
The third was through lab handouts. Figure 5.6 shows an example lab handout. Three
major changes were made to promote synthesis of ideas throughout the activity: lab com-
prehension goals, pre-lab questions, and concept checks. The lab comprehension goals allow
students to identify what they should be learning during the lab, giving them context for
self-orientation. The pre-lab questions give the students a chance to go through the transfer
of learning process by connecting information from the lecture before the activity and what
they already know in order to fully comprehend the activity. The concept check further
encouraged this synthesis by requiring the students to answer a short question before re-
ceiving the final piece of equipment to complete the lab experiment. These questions push
the students towards far transfer, since the situational context is changing and forcing the
students to apply knowledge to a more complex set of questions. [36]
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Figure 5.6: Example Lab Handout
5.2.7 Design Project Implementation
In order for a problem to truly be open ended design, it must follow an innoduction (often
called design abduction [40]) way of thinking. According to Roozenburg and Eekels, inn-
oduction is the process of determining a product’s final form from a proposed function. [41]
This means that a true design problem only provides the final function or application of
what is being designed and it is the designer’s job to determine both the form of the object
and the way it is used or actualized at the same time. [41] Design generally follows five differ-
ent activities as well. The activities are formulation, representation, moves, evaluation, and
management. [40] Formulation is the process of identifying the issues of the problem. Rep-
resentation is visualizing the problem and solutions in some manner (often sketches). Moves
refer to the different design steps taken during the problem solving process. Design solutions
are almost constantly evaluated throughout the process to ensure that the end product is
meeting the initial requirements. Finally, management alludes to having to balance problem
solving with creativity and learning throughout the design process. [40]
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Our design project needed to follow innoductive thinking while allowing students to
synthesis what they have learned during the week (the materials science tetrahedron) with
their existing materials understanding. To do this, we gave them the task of creating a new
application for a material they would be familiar with already. Campers were split into four
groups and assigned one of the following materials: cardboard, plastic wrap, aluminum foil,
and duct tape. Each group was required to design this new product while addressing each
pillar of the materials science tetrahedron. By including the tetrahedron and the common
materials, we felt that the design problem was conducive for learning transfer.
Due to time constraints, our campers are not able to rigorously go through the design
process (for example, there is little time for iterations of design choices). Despite these
challenges, we designed each day’s activities so as to have the students go through the process
once in its entirety. This was made easier by the open-ended problem statement; by giving
the students less constraints within the problem, they were able to go through the process
more quickly. The detailed breakdown of how we guide them through the design process and
how each day’s activity was connected is provided in Table 5.1. The coordinators and lab
TA’s acted as consultants: promoting discussion and asking probing questions throughout
the week to help the students through difficult portions of the design project. At the end of
the week, a final prototype of the new application, along with a poster, would be presented
in front of professors and graduate students from the Materials Science department at UIUC.
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Table 5.1: Design Project Breakdown by Day
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As for using this activity for improved understanding, the design project as a whole
operates more in the figural and far transfer of learning spaces from Figure 5.1. The open-
ended and complex nature of a design problem lends itself more readily to this higher level
learning transfer, giving students the chance to become closer to expert level performance
when understanding is achieved. [36]
5.3 2016 Study: Understanding Camp Structure Changes1
5.3.1 Research Methods
In order to study the efficacy of the changes to the GLAM camp structure, a variety of
survey methods were implemented. One was a small Likert scale survey at the end of each
activity (lecture and lab). These surveys asked students to rate four topics on a scale from
1-5 (one being low, 5 being high): creativity of the activity, overall opinion of the activity,
connection between activity and materials science as a whole, and how fun the students found
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the activity. In our surveys, creativity of the activity refers to how creative the campers felt
they were allowed to be during the activity, not how creative the activity itself was. The
main purpose of these surveys was to give immediate commentary on the activity while it
was still fresh in the girl’s memory. That way, the responses are more accurate. Note that in
all of these surveys, results are self-reported. In the future, we plan to add further metrics
to support claims made by these surveys. The GAMES camp collects data from the camp
as well. Data from the broader GAMES surveys from 2015-2016 are available, as well as the
campers who applied to engineering at UIUC for the 2017-2018 school year. For this study,
a N=19 value was used.
5.3.2 Likert Survey Results
Figure 5.7 shows the summary of all the Likert surveys given at the end of each activity.
The figure includes data from the intro lecture, design project, and all 14 modules. The key
piece of evidence from these surveys is the campers understanding of the connection between
the activities and the materials science tetrahedron, or the transfer of learning that occurred
during the camp as a whole. Overall module opinion and creativity are crucial in designing
the different modules to ensure that the students are finding them engaging and interactive.
In our results, we consider a 4 or a 5 a positive response.
Figure 5.7: Summary of All Likert Survey Responses for Camp
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From Figure 5.7, it is clear that the campers were able to make connections between
each module and the materials science tetrahedron. Over 98% of responses were either a
4 or a 5. Enjoyment and general opinion of the camp were also high (>90%). Creativity
was lower, most likely due to the intro lecture and other laboratory activities that did not
allow for much choice from the camper due to the nature of the experiment. Overall, these
results show that the comprehension of materials science, over all activities, was achieved via
our transfer of learning methods. Looking at the individual module responses gives a more
detailed look into how well the girls comprehended each module, as well as how much they
enjoyed it. Figure 5.8 shows the Likert responses for the Design project module. Based on
the surveys, this module was very well received. 100% of girls saw how the activity connected
back to materials science and it also got high marks overall and for personal enjoyment. The
lower responses for the creativity question were a surprise, since the students had complete
control over what application they chose for their material, as well as a lot of creativity in
designing poster presentations and the materials property tests on Day 2. It is possible that
some students had less input in their groups due to various group dynamics, which could
affect this metric. More close attention should be paid during the various activities to ensure
every girl has her voice heard. Overall, the design project has been a positive addition to
the camp, both for increasing comprehension as well as increasing camper enjoyment.
Figure 5.8: Design Likert Responses
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One area of concern that was highlighted by these surveys was the difference between
understanding that the module fits within the materials science tetrahedron in some aspect
and actually having the girls understand the connection scheme highlighted in Figure 5.4.
Figures 5.9a and 5.9b highlight this issue in one specific module: composites.
Figure 5.9: Connection to Materials Science Breakdown
a: Likert Scale Responses for Composites Module
b: Camper Responses to Composites Tetrahedron Breakdown
Figure 5.4 shows that the composites module should highlight all aspects of materials
science evenly. If one only looks at Figure 5.9, it would seem that the campers had a
complete understanding of where the module fits within the materials science tetrahedron.
But upon closer look (Figure 5.9b), it shows that the students most closely associated this
activity with the processing pillar of the tetrahedron. While the main goal of showing that
the activity connects back to materials science was achieved, our implementation was less
effective in communicating the specifics of how the activity was connected to the tetrahedron.
Future work to ensure that the information in the lectures and labs more closely depicts the
organization in Figure 5.4 is needed.
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5.3.3 GAMES Survey Results
The large surveys conducted at the end of the GAMES camps ask a series of questions to
all the campers who attend GAMES both about engineering as a whole and the contents of
GLAM in particular. The results for GLAM specially can be seen below. Figure 5.10a shows
the campers general interest in engineering as whole at the end of the week. Only 5% of
campers were still unsure about engineering, while 95% had positive interest in engineering.
Figure 5.10: GAMES Survey Data
(a) Campers Interest in Engineering at the End of Camp
(b) Campers’ Response to the Query “Do You Want to Be an Engineering When You Grow
Up?”
(c) GLAM 2016 Lesson Difficulty
When asked if they wanted to be an engineer when they grew up (Figure 5.10b), all
of the campers gave a positive response. The responses from both Figure 5.10a and b
suggest that campers left with a positive impression of engineering. The fact that all of the
campers wanted to become engineers when they grow up shows they feel as if they belong
in engineering, though most of the campers self-select to attend camp. Figure 5.10c shows
the campers responses when asked about the difficulty of the different lessons taught during
GLAM. Overall, the campers found the lessons to be at the correct level and did not seem
overwhelmed. But when asked short answer questions about the difficulty, they had the
following responses:
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“Some of the lessons were very difficult to follow and
I feel that we did not spend enough time going over the very basics of materials,
as I did not know much about them when I came to camp.”
“Many of the lessons for me were just very complex.
They didn’t apply to what we would actually need to know in the lab very much.”
“Some lessons I felt were taught too fast or too sparsely, and didn’t allow me time to
process things before we moved on to the next lessons.”
Clearly there is some disconnect between the survey responses and the students’ indi-
vidual responses. Despite the overall enjoyment of the activities and the comprehension of
where the activities fit within the materials science tetrahedron, there is still some confusion
within the lessons, as well as a disconnect between the lectures and labs that needs to be
addressed.
5.3.4 Limitations
While the results collected for GLAM 2016 told us many things about how effective our
changes were to understanding connections between the labs and the pillars of materials
science, there were some limitations with our various survey methodologies. One limitation
is in the GAMES surveys. The short answer responses we have access to have been designed
to answer questions for the GAMES camps as a whole, so they are not specific to our camp.
The students are also not asked their opinions of engineering at the beginning of camp in
comparison to the end of camp. Next year, we hope to conduct interviews that ask more
probing questions about the design project and materials science tetrahedron, as well as
conduct longer pre and post surveys to get comparison of the girls’ sense of belonging in
engineering throughout the week.
Another limitation is our sample size. The camp has a maximum of 20 campers, so we
already have a small sample size and cannot make any comment on statistical significance.
That, combined with the fact that previous years of GLAM did not conduct camp-specific
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surveys, means we do not have a lot for comparison. The plan is to continue to gather data
longitudinally (across the next few years) as well as laterally (amongst other department’s
camps) so changes in our camp’s structure can be more effectively studied. Additionally, the
self-reported nature of our surveys may not give us a true glimpse into their understanding.
We plan to administer different metrics next year to bridge that particular gap.
Our final limitation is the lack of data regarding how many of the past campers end up
in engineering fields, specifically materials science. One camper from 2013 has since joined
the materials science department at UIUC and has worked as a TA for the past two years of
camp. We also know that two out of nine seniors from GLAM 2016 applied to engineering
at UIUC, but that is the extent of our knowledge as to where the campers go after camp.
To truly understand the impact of GLAM over many years, keeping in touch with campers
after they leave is beneficial.
5.3.5 Conclusion
In conclusion, we have shown how adding an overarching paradigm and design thinking to a
materials science camp for high school girls improves transfer of learning and self-reported
understanding of this multifaceted discipline. With understanding comes confidence in the
campers’ abilities as engineers, thus increasing the chances of the girls entering an engineering
field in college and beyond through an improved sense of belonging. This summer camp
structure (small modules with an overarching theme and design project) can be used for a
variety of disciplines. It has the advantage of appealing to a wide audience with the many
topics covered while giving the campers a chance to explore the field through design thinking.
In the future, we hope to further study this camp and its ability to positively influence girls’
opinions of engineering, specifically compared to other camps.
80
5.4 2017 Study: Camp Structure Influence on Engineering Per-
ceptions2
The motivation for this study is directly coming from Section 5.1 and the results from the
2016 study. Based on these two things, we have the following research questions.
1. How does participants perception of engineering change over the course of camp?
2. How does incorporating design within the curriculum effect these perceptions?
In order to address these questions, we set out to compare three different camps that
vary the incorporation of design and see how various outcomes are impacted before and after
the camp. Design was chosen as a variable due to its importance in engineering curriculums
at the college level. Descriptions of the camps can be found in the next section.
5.4.1 Research Methods
5.4.1.1 Camp Selection and Camp Structure Details
Three camps were chosen for this work. All the camps are focused on female high school
students and are a week long. While all three camps are focused on different engineering
disciplines, we are more focused on their curriculum design and general camp structure.
Each camp’s general format and design incorporation will be detailed below.
Camp 1- Design Focused The first camp studied will be called Design Focused. This
camp has one large overarching design project. All participants are working on the same
general project goal in teams. They spend half the day, every day of the camp, working on
this project. Each group is required to build a working device prototype at the end of the
week to show to parents on the last day of camp. In the time spent not working on the
2Significant portions of this section have been prepared for submission in K. Tyler, N. Johnson-Glauch, L.
Dean, J. Krogstad, “How outreach camps incorporate design affects female high school students’ interest in
engineering and perceptions of engineering design (evaluation)” at the 2019 American Society for Engineering
Education Conference
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design project, smaller activities are used to fill the time. A field trip is generally attended
to show real world engineer examples, as well as working with various faculty within the
department to showcase research being done. Very few activities have lectures and they try
to focus on hands on activities as much as possible. This camp had an N=19 for this study.
Camp 2- Design Incorporated The second camp studied will be called Design Incor-
porated. This camp has a combination of an overarching design project and an overarching
curriculum guide with connected modular activities. The design project differs from Camp 1
in that the teams are working on different, more open ended goals. Prototypes are still built,
but they do not necessarily need to be functional. There is a larger focus on connecting the
design to the discipline at large and other topics covered throughout the week. The modules
consist of lecture and lab combinations, with the lab providing additional theoretical knowl-
edge to support the hands on lab activities. Details of the specifics of this camp structure
can be found elsewhere (Section 5.2.4). [31] This camp is run by the authors and had a N=15
for this study.
Camp 3- Design Absent The third and final camp studied will be called Design Absent.
This camp has no overarching design project in its curriculum. Instead, the structure is
modular with lab and lecture combinations to showcase various aspects of the discipline.
While some activities are team based, there is no large team project over the course of the
week. This camp is very similarly structured to how Camp 2 was organized before the large
curriculum overhaul. [31] These three camps offer three different curriculums used for the
same general goal: introducing young women to engineering in the hopes of bringing them
into the field. Understanding how perceptions might change over the course of the week,
especially in the context of the curriculum. This camp had an N=19 for this study.
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5.4.1.2 Survey Design and Data Analysis
To study the changes in perceptions across the three camps, a pre-post survey was used. The
survey can be found in Appendix A, along with the IRB approval for the study. A Cronbach
alpha value of 0.9 for the pre-survey and 0.92 for the post-survey were achieved, giving us
confidence in the validity of our survey. For data analysis, ANOVA tests were carried out
to determine similarities or differences between the three camp populations before and after
the camp. Paired t-tests were run to track internal camp changes over the course of the
week. We will be using a p value of 0.05 to determine statistical significance and standard
error was used in all the bar graph figures in this report. Due to the small sample sizes of
each camp, we also calculated Cohen’s d values to understand the effect size of the changes
being seen. Equation 5.1 was used which takes into account smaller sample sizes. Equation

























5.4.2 Engineering Self-Confidence Perception Survey Results
A selection of the pre and post survey t-test results for all three camps can be found in
Figure 5.11. Fig 5.11a highlights that all camps were successful in improving the campers’
understanding of engineering, which is a common goal among outreach camps. Table 5.2
shows a medium effect size for this result, given the sample size for the Cohen’s d. This is
to be expected; almost all the campers attending these camps self-select to come and would
therefore be knowledgeable in engineering beforehand. Seeing engineering in a university
setting does seem to make a noticeable difference though.
Figures 5.11 b, c, and d show where the difference between the three camps begin.
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The design incorporated camp had significant increases for self-reporting both interest in
engineering and interest in pursuing engineering in college, while the design absent camp had
a significant decrease for the same questions. The design focused camp only had a significant
increase for the self-perception of engineering skill. There were no statistically significant
differences between group means for the pre-test of these survey questions, as determined
by one-way ANOVA (Fb(2,50) = 0.419, p =0.66); Fc(2,50)=0.893, p=0.415; Fd(2,50)=2.12,
p=0.13). This means these changes are representative of their experiences within the week.
We see this change has either a medium or large effect size as well.
Figure 5.11: Campers’ response to common engineering perception prompts
p-values for significant results can be found above the bar graph
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The results for the design-absent camp in Fig. 5.11(b) and (c) are cause for concern.
It seems that not including design can have a significant impact on attendees’ opinions of
engineering with respect to their own personal goals. But simply including design does not
seem to be the solution. The design focused camp had no discernible change in either of these
topics, but did have a significant increase in personal opinion of engineering skill. What is
interesting is, according to these survey results, this confidence in engineering skill does not
necessarily transfer to desire to become an engineer. To try understand this, we examined
more detailed survey prompts. Two interesting results can be seen in Figure 5.12. There were
no statistically significant differences between group means for the pre-test of these survey
questions, as determined by one-way ANOVA (Fa(2,48) = 2.12, p =0.13; Fb(2,49)=0.583,
p=0.56)
Figure 5.12: Campers’ response to various engineering perception prompts .
p-values for significant results can be found above the bar graph
The design incorporated camp, while having high perception marks for possible motiva-
tion in continuing in engineering also was the only camp to have a significant increase in
Fig. 5.12a. seems to directly contrast the responses from Fig. 5.11b and c. The statement
is phrased oddly, so the result could be false, but it is still something that should be mon-
itored while running outreach camps. The combination of the lack of significant result for
Fig. 5.12a but significant result for Fig. 5.12b for the design focused camp further confuses
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situation of trying to understand the difference between the two design camps.
The self-confidence results from the survey suggest that the design incorporated camp
increases confidence in future abilities as an engineer, where the design absent camp has
the opposite effect. The design focused camp seems to have the most immediate effect on
personal engineering skill confidence, but no lasting opinion changes about career choices.
None of these response give a clear indication as to which camp organization scheme is best,
though the design incorporated camp seems to be the most promising for improving overall
engineering confidence. To try and further understand the reasoning behind these changes,
we will look into changes into design confidence and reported efficacy of camp curriculum
elements to see if there are trends within the campers’ responses.
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Table 5.2: Cohen’s d Effect Size Values for Engineering Self-Confidence Prompts.
Statistically significant results’ Cohen’s d values are colored. Green is positive change, red
is negative change
Prompt Camp Cohen’s d
















Other factors, besides my abilities and/or
determination, make it difficult for me to








5.4.3 Camp Design Incorporation and Curriculum Perception Results
Campers were asked to report their confidence in conducting various aspects of the engineer-
ing design cycle before and after camp. The results for a select few responses can be found
in Figure 5.13. Pre-survey results across all three camps were not statistically significant
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based off of ANOVA tests (Fa(2,47)=0.08,p=0.922; Fb(2,50)=1.44, p=0.245; Fc(2,50)=0.77,
p=0.469). Cohen’s d values can be found in Table 5.3.
Figure 5.13: Campers’ confidence in various design concepts before and after camp
As expected, the design absent camp has no significant results. This, combined with the
Cronbach alpha results, help confirm the validity of our survey. The differences between
the design incorporated and the design focused camp, however, are quite interesting. For
statements like conduct engineering design, both design camps had a statistically significant
increase with large effect sizes, as was expected. As we asked more detailed questions about
the design cycle, however, the design focused camp no longer had significant increases. This
was especially interesting when considering the prompt ”constructing a prototype” (Fig.
5.13c), since the main purpose of the design focused project was to have a working prototype
of a device built by the end of the week. The design incorporated camp, on the other hand,
had significant results for all the design questions we asked, apart from confidence in solving
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problems as a team. No camp saw a change in teamwork, which is interesting given the
nature of both design projects, as well as many of the hands on activities in all three camps.
This difference between the design focused camp and the design incorporated camp camper
reported confidence changes in the various aspects of the design project seems to mimic the
responses from Figure 5.11. While the design focused camp has initial promising outcomes,
the long term confidence values seem to be missing where as the design incorporated camp
has consistent confidence increases for design outcomes and more long term increases for
self-confidence outcomes.
Since all camps did not include design, we also wanted to look at various aspects of
the curriculum. These questions were only asked in the post survey. A one way ANOVA
was used to determine which curriculum areas, if any, the students felt contributed to their
learning in an impactful way. Two of those areas are shown in Figure 5.14. Both of these
initial comparisons were significant via the ANOVA (Fa(2,50)=4.84, p=0.011; Fb(2,50)=5.22,
p=0.008). Then t-tests were conducted between the three different camps to determine the
significant differences, checking for variances via F-tests beforehand. The t-test values are
plotted below.
Figure 5.14: Campers’ opinion on the effectiveness of various curriculum elements
throughout the week of camp
Fig, 5.14a shows the impact students’ believed lectures had on their learning. As expected
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from the lack of lectures in the design focused camp, it was much lower than the either
two. It was only significantly different than the design incorporated camp, however. As for
working independently on a project, the students reported more of an impact in the design
incorporated camp than both the design focused and the design absent camp. It seems that
the combination of cohesive lectures, smaller hands on labs, and a large open ended design
project have a large impact on how the students understand information.
Based on the data gathered from the surveys, it seems that the design incorporated camp
overall gives the most positive outcomes. The design focused camp also has some positive
outcomes, but seems to fall short when it comes to outcomes related to long term engineering
confidence and details of the design cycle, which could be reflective of their experience
interacting with the camp material. The design absent camp had the least positive outcomes
overall. Based on our knowledge of the camp structures, our theory is the overarching theme
in design incorporated curriculum, combined with a more open ended design project, are
what lead to these outcomes. Design can often be used for self-motivation [28], and it seems
that was achieved with this camp. However, there are some limitations that need to be
addressed with this study. They are shared in the next section.
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Table 5.3: Cohen’s d Effect Size Values for Design Incorporation and
Curriculum Perception Prompts
Statistically significant results’ Cohen’s d values are colored.
Green is positive change, red is negative change
Prompt Camp Cohen’s d

















The main limitation with this study is the lack of context for the quantitative results. Both
coordinators of the design focused camp and design absent camps were shown the data.
The design focused camp was very concerned by their outcomes and mentioned possibly
wanting to make structure changes to improve on these metrics. The design absent camp,
however, was not that surprised by the results. Based on their experience as coordinator, that
year of campers found themselves more drawn to the science of the field, not the engineering.
Hence, the results from Fig.5.11 made complete sense. This made us realize that coordinator
context is necessary to full understand the quantitative data in order to give an accurate
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report. Additionally, having access to the details of the camp structure (such as hand outs,
specific schedules, etc.) would provide an additional layer of context.
Another thing missing from this study is specific outcomes for each engineering outreach
camp. After seeing the data, the design absent coordinator expressed that they were still
pleased with the overall data due to the result from Fig. 5.11a and the anecdotal evidence
that the students were still very much interested in STEM and were more informed about
the choices they should make when entering college. Both the context and detailed outcomes
from each camp could be gained from coordinator interviews, which is the next step in this
study.
The final limitation is the sample size and variation from year to year. All of these
outreach camps are limited by space, so sample sizes vary from N=15 to N=19. Despite
the Cohen’s d analysis, these results could still be considered suspect. There is also a lot
of variation within the camp populations from year to year. Conducting research on these
small subsets, with such varying populations, makes drawing large conclusions inadvisable.
5.4.5 2017 Study Conclusion
In conclusion, the curriculum of outreach camps is important to achieving specific self-
confidence and learning outcomes. Including engineering design within the outreach camp
as a separate project, rather than just built into smaller activities, seems to be very im-
portant. But, the way design is incorporated is also crucial. The themed curriculum with
an integrated, open-ended design project, seems to have the overall best outcomes as far
as learning effectiveness and future engineering self-confidence goals, with a design focused
curriculum following close behind. Not including design at all seems to have negative con-
sequences to long term engineering interest goals. Despite this promising data, the lack of
contextual understanding of the specific experiences in each camp combined with small sam-
ple sizes gives the researchers a moment of pause when drawing large conclusions. This study
does, however, provide an excellent initial look into how camp curriculums effect outcomes
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and how this area needs more study to truly draw conclusions. Hopefully, work like this can
help researchers looking to start their own camps some insight into how to structure their
curriculums.
5.5 Curriculum Studies Conclusions
This chapter focused on the outreach curriculum studies done involving GLAM and other
GAMES camps at UIUC. The current state of the literature in this area is minimal at best.
Both of these studies described here revolve around the changes done to improve continuity
and understanding in GLAM. By increasing this cohesiveness within the camp, our hope was
to improve learning and decrease confusion. Internal analysis suggests this was successful. A
study was run comparing three different camp structures together. All of these camps vary
how design is incorporated into the structure. Based off these survey results, GLAM was the
most successful in achieving long term engineering self-confidence and increased design self-
confidence. During this study, however, it was realized that simply quantitative surveys are
not enough to understand fully how curriculums impact outcomes. Details and preliminary
reports of an expanded multicase study on the subject will be detailed in Section 6.3.
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This chapter serves as a summary of the future directions both research projects will be tak-
ing. For the eutectic project, the main focus is to more fully understand the crystallographic
changes noticed in Section 4.2.3. A few different avenues will be discussed as to how this
complicated question might be answered. Once larger ordered areas could be achieved, de-
tails on some optical characterization techniques will be discussed. For the outreach project,
details on a multicase study to provide more detailed description and analysis of outreach
camps, as well as preliminary data from said study, will be discussed. It is the hope that,
with this section, the whole picture of these two projects can be realized.
6.1 Understanding Cooperative GeAl Growth
It is clear, that to move forward with creating large ordered areas within GeAl, understanding
what causes these unique ordered regions is key. Below are a few experimental techniques
that would provide the data needed to solve this complex problem.
6.1.1 Additional EBSD
The EBSD data shows a clear crystallographic trend between surface ordered regions. More
ordered areas need to be analyzed with better surface quality to determine a clear under-
standing of what is occurring and to discern if there is any trend within the orientation
relationship between Ge and Al in highly ordered regions, as well as clear understanding
of the difference between out-of-plane and in-plane crystallographic orientations. EBSD of
cross sections within the material, particularly in the thinnest samples (TC), could give in-
sight into any crystallographic orientations present during confinement. This data could also
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be combined with the surface EBSD measurements to build a more cohesive picture of what
occurs during solidification.
6.1.2 Thermal Gradient Simulations
As discussed at the end of Section 4.2.3, the thermal gradient is not passing through the
sample in a uniform manner. Local fluctuations could be what is causing these small ordered
regions. Since measuring the exact thermal conditions of the sample during solidification
would be experimentally challenging, simulation could be used to probe this. I am currently
working with a collaborator at University of Michigan to do some Comsol simulations of
fixture going through the thermal gradients in this experiment for various sample thicknesses.
These results should help shed some light on the types of thermal gradients being seen by
the samples at the solid/liquid interface.
6.1.3 Nano X-Ray Computed Tomography
While SEM and FIB have given a large picture of what the microstructure looks like, the
cross section from Figure 4.8 shows there is still much about the internal solidification that
we do not understand. Nano X-Ray Computed Tomography (Nano CT) is a technique that
uses x-rays to fully image the internal structure of a sample. Real time x-ray tomography
was used by Shahani, et. al. in confirming the WHS model for GeAl, as was discussed
in Section 2.2.3.1. While unfortunately this technique cannot be used during solidification
like in Shahani et.al. due to the high solidification speeds, performing this technique after
the sample is solidified, the final microstructure can be fully understood. This would allow
trends in branching/lamellar organization in highly ordered regions can be probed.
6.1.4 Transmission Electron Microscopy of the GeAl interface
Finally, the possible orientation relationship at the highly ordered Ge/Al interfaces needs
to be examined in further detail. While EBSD can provide the crystallographic directions,
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more detailed knowledge of the exact atomic structure at this interface would be ideal. This
is where high resolution TEM would come in. By examining the structure at this Ge/Al
interface, an exact understanding of the atomic structure and crystallographic direction via
diffraction would be achieved.
All of these techniques combined together would help provide the additional information
necessary to more fully understand this complex solidification arrangement. With that,
advancements in creating larger areas of this ordered material could be realized.
6.2 Advanced GeAl Optical Characterization
Once longer range order can be realized in this system, there are a few optical characterization
techniques that can be used to determine the new properties for this ordered system. When
looking at the ordered surface regions, they look similar to a diffraction grating. So, to
determine the quality of the surface order, diffraction measurements in the visible would be
conducted. The visible light range was chosen due to aluminum’s high reflection in that
region. Because of this, Ge should be removed via XeF2 etching in gradual amounts to show
the variation of Ge depth with diffraction. The sample surface would also be polished via
ion polishing before each measurement to ensure oxide formation is not limiting the overall
diffraction of the system. When trying to characterize the internal order optically for this
system, transmission measurements are the best technique to use. If higher order is achieved,
the germanium should be left within the sample matrix and measurements be performed in
the IR region. That way, the advantage of using this system with optically interesting phases
within the IR region can be realized.
While these optical measurements are not the advanced properties talked about in the
motivation of this work, understanding how this system behaves optically once ordered is
crucial before trying to alter the microstructure further. These measurements would serve
as a baseline for comparison in more advanced microstructural changes.
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6.3 Multicase Study for Expanded Outreach Curriculum Effect
Understanding
Understanding outreach curriculums is a very complex problem, as shown in Chapter 5.
Being able to compare multiple camps together and try to get a larger picture of how
different curriculums impact similar topics is important for those trying to start or improve
their existing outreach. The problem, however, is the people running the study often do
not have the knowledge gained from running each individual camp, as became apparently
when analyzing the data from our 2017 study. Therefore, we have started a multicase study
examining four different outreach camps at UIUC. Each of these camps are structured in a
different way, whether it be the activities included or to what level design is incorporated
throughout the week. Data for this study was collected in the summer of 2018. The design
of the study, the details of the four camps chosen and the rationale behind that choice, as
well as a few preliminary results, will be shown in this section.
A multicase study involves giving a detailed description, with both qualitative and quan-
titative data, of minimum four different subjects. In this case, we looked at four different
engineering outreach camps run at UIUC. Each of these camps was in a different discipline,
but all fall under the GAMES camp branch. The four camps chosen were: (1) GLAM (2)
GBAM (3) Aero, and (4) BioE. GLAM and GBAM were already described in Sections 5.2.4
and 5.4.1.1. Aero, or the aerospace camp, is quite similar in curriculum structure to GBAM.
It involves many group activities and a large design project where all the participants build
the same working prototype. One main difference is the large design project is done solo,
not in a group. BioE, or the bioengineering camp, is very different from the other three.
This camp is more thematic in nature, with a main goal being to show the breadth of the
field using an engaging theme to tie all aspects together. The design project is much smaller
in this camp as well, with direct ties to other activities throughout the week. The wide
diversity of design projects as well as camp structures allows for this case study to examine
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a wide range of camp styles, hopefully providing a more wholistic picture to the engineering
outreach community.
To build a full picture of each of the outreach camps, in comparison to the 2017, three
main research methods were employed: (1) pre and post surveys, (2) interviews with camp
coordinators, and (3) video observations of students throughout the week. The pre and post
surveys are very similar to those given in 2017. The main change was using a more robust
survey from the Friday Institute to explore more than design concepts. Data analysis will
be conducted in the same way as the 2017 study. The difference between the 2018 and 2017
study is mainly the interviews and video observations. These were chosen to hopefully fill the
knowledge gap realized in the 2017 study. By learning from the camp organizers themselves
what the camp goals and structure are, we will be able to give a more robust description and
do a more in-depth data analysis. A variety of coordinators, from graduate helpers to faculty
lead coordinators, were interviewed to give a wide range of experiences and responses to the
prompts. The interviews will be coded by three independent researchers and then compared
to ensure reliability in the analysis and that the codebook has reached saturation. The video
observations serve as a check to see how students are engaging with the camp material and
if this is reflected by the comments from instructors as well as the data. These videos will be
coded using the same codebook as the interviews to allow for comparison within the data.
At this point in the study, the survey data has been collected and preliminary paired
t-test and ANOVA analysis has been performed. A few interesting results can be found
below in Figure 6.1.
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Figure 6.1: Paired t-test survey results for select Design Confidence questions.
(a) Confidence in Conducting Engineering Design. (b) Confidence in Selecting the Best
Possible Design. (c) Confidence in Solving Problems as a Team
This figure shows that the BioE camp structure has quite a different impact on its
campers’ perceptions of design in comparison to the other three camps. The only significant
response they had in our questionnaire regarding design was related to “selecting the best
possible design”. The other three camps were very similar in their responses until the prompt
“solving problems as a team”. That is where Aero, the camp with a large solo design project
component, was the only one to have a significant increase. While these results are very
interesting, we as researchers have little explanation for why this might have happened from
the quantitative data alone. Currently, we are in the middle of analyzing the different
interviews and hope that once that analysis is complete, these exciting results will have a
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more detailed explanation. By providing this analysis to the community, we hope to provide
a baseline that others can use when designing a camp.
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APPENDIX A
OUTREACH CAMP STUDY MATERIALS
A.1 Engineering Outreach Taxonomy: A Starting Place for
Newcomers
As stated in Section 1.2, outreach events are currently being used as a way to try and in-
crease the number of students going into engineering programs in college, particularly trying
to target those in minority groups. But the wide variety of outreach avenues available can
make choosing the correct one for the desired outcomes challenging. To try and add some
clarity, a taxonomy [1] is presented here in the hopes of categorizing these different outreach
activities to give people interested in starting their own outreach a place to start.
FILE Taxonomy Researchers from Purdue University noticed that the area of educa-
tional research has begun to expand far beyond the classroom, or typical formal learning
environments. [1] They presented the Formal and Informal Learning Environments (FILE)
Taxonomy, a cohesive organization of the differences between formal and informal learning
environments. Eight different learning environments were discussed in this taxonomy. When
looking at these learning environments in the context of engineering outreach, only five were
applicable. These five environments and the engineering outreach activities that correspond




Curricular learning occurs during school hours. [1] For engineering outreach, this would focus
on in-classroom activities. These activities vary from creating lesson plans for teachers to
implement in classrooms, [2] coming into classrooms to provide technical expertise, [2–4] or
creating activity kits to teach specific concepts/types of engineering. [5–8] These activities
have the benefit of building on what students are already learning and building mentoring
relationships, but often cannot delve deeply into subjects due to time constraints.
A.1.2 Extracurricular Learning
Extracurricular learning environments involve activities still connected with school but do
not occur within normal school hours, such as tutoring or after school programs. [1] The
engineering outreach activities that fall within this category include things like hands-on
after school engineering programs [9] and seminar series by engineers open to high school
students. [10] One unique outreach event involved multiple weekend activities on a Native
American reservation with the purpose of relating engineering to their culture. While the
activity didn’t necessarily happen right after school, the teachers were directly involved
with the development and implementation of the activities. [11] Extracurricular activities
generally have more flexibility than curricular learning events due to less time constraints,
but require outside motivation to attend on the students’ part.
A.1.3 Outreach Learning
According to the FILE taxonomy, an outreach learning environment is organized by an
outside source, such as a university. [1] In the case of engineering outreach activities, this
encompasses almost all of them. For the purpose of this taxonomy, outreach learning will
encompass camps run by universities. Some of these activities are day camps [12] and
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overnight camps . [4, 13–19] These camps are generally intense and provide a lot of knowledge
and mentoring, but are very time intensive and are often expensive. This will be the main
focus of the research done in this work.
A.1.4 Learning from Media
This learning environment involves media such as books, television, games, and the internet.
[1] Outreach activities are possible in this environment, such as an online bridge design
contest used to get K-12 students interested in civil engineering. [20] These activities have a
bonus of being more accessible to a multitude of students, who perhaps wouldn’t have access
to engineering outreach activities otherwise for various reasons (money, location, etc.). Due
to the lack of physical, hands-on interactions (like the ones from camps), these activities are
often overlooked and underused.
A.1.5 Professional Learning
The last learning environment focuses on workplace learning, internships, and other profes-
sional development. [1] In the outreach area, this learning environment is focused on K-12
teachers. Many outreach programs are focused on giving the teachers the training they need
to incorporate engineering into their lessons. The “No Child Left Behind” Act from 2001 can
be attributed to some of this spike in teacher training. [21] This law tries to ensure teacher
quality by preventing people from teaching outside of their area of expertise. This has left
many teachers unprepared for the requirements for math and science that they are now be-
ing held to, and finding time for that professional development (PD) can be difficult. [21]
Some outreach programs are focused on training the teachers and other adults (counselors,
parents), [11, 12, 21–23] while others are creating lessons (often with laboratory kits) for the
teachers to use in their classrooms. [2, 5, 6, 8] Some of these topics overlap with the curric-
ular learning activities due to the combination of instructing students and teachers on the
engineering topics. Clarification will be drawn based on when the outreach activity occurred
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and where (in class vs. outside class, etc.). These PD activities are great in giving teachers
ways to incorporate more into their lessons and hopefully improve students learning, but
they can be difficult and time consuming to organize.
All of these different environments occur in different physical places or times, but how do they
differ from each other on a deeper, more education focused level? By using a learning scale,
explained in the next segment, differences in these programs can be more easily understood.
Learning Scales The FILE taxonomy used four different scales of learning to try and form
trends between different learning environments to show if they were more formal or informal.
They were designed based on different characteristics of formal and informal learning from
the literature. [1] When considering engineering outreach activities, the topic of formal versus
informal learning is not really addressed. But, the ideas covered in these learning scales are
still applicable, especially when trying to formulate a plan to start a new outreach program.
Figure A.1 shows a summary of each scale and where each learning environment discussed
in the previous section can be found. If varied examples exist for the specific learning
environments, multiple icons will appear in the figure. Details of how this breakdown was
assembled can be found in the next subsections.
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Figure A.1: Learning Scales [1] and how the various Learning Environments fit along them
A.1.6 Self Directed vs. Collaborative Learning
Self-directed learning is defined by the idea of being totally responsible for ones learning ex-
perience, where collaborative learning has a supportive learning environment where multiple
people work towards a common goal. [1]
Curricular Learning In general, curricular activities are designed to be collaborative.
One program, the Integrated Teaching and Learning (ITL) Program, specifically designed
its activities to be hands-on and project based with the hopes of using engineering as a means
to connect technology, science, and math together within the curriculum. [3] Because of this
approach, all students and teachers are working towards a common goal. This program is
not the only curricular learning activity to adopt this mentality. [5, 24]
Extracurricular Learning Extracurricular learning environments don’t fall in just one
area on this scale. The after school [9] and the weekend programs [11] included many hands
on activities, promoting the collaborative environment. Programs like the seminar series, [10]
however, would fall under the self-directed learning umbrella. Students are in charge of how
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much they pay attention, ask questions, and do research on their own time about topics of
interest. One could also argue that the voluntary nature of said activities could lean more
towards self-directed learning, since students are completely in charge of how much they
engage with the material.
Outreach Learning The camps hosted by universities are usually designed to be very
collaborative, with hands on activities. [4, 12–17] Usually there is a combination of hands
on activities and lectures for background information. Many camps will also have long-term
group design projects as well, further promoting a collaborative environment. The only
portion of these camps that is self-directed is the signing up for the camp itself.
Learning from the Media Media learning environments are for the most part self-
directed learning. Internet based activities tend to require the student to seek out the
activity and participate on their own. The online bridge building competition did try to
encourage a collaborative environment by encouraging teams to design bridges and giving
feedback, [20] but not being face to face can pose challenges to creating a collaborative
environment.
Professional Learning Much of the PD in engineering outreach is collaborative. Either
the teachers are working with the universities to create new lesson plans and activities [11, 21]
or information is being presented to educators and other influential adults in the hopes of
creating a supportive environment for students to pursue STEM careers. [22] The end goal for
all PD is to promote learning and engineering within students in an encouraging environment.
A.1.7 Active vs. Passive Learning
Active learning occurs when students are actively engaged with the material that is being
presented with them. Passive learning is where the students are simply being exposed to the
information. [1] With engineering outreach, the more hands-on activities fall in the active
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learning category, since students are actively participating in the engineering process.
Curricular Learning Curricular learning outreach activities are designed to evoke active
learning. Many of the lessons involve creating things with their hands or utilizing kits
to learn about different engineering concepts. [5, 7] The only problem is ensuring student
interest in the activities. Otherwise the kids will simply go through the motions because
they are required to, but won’t get as much out of it. Proper design of questions and lesson
plans can help with this.
Extracurricular Learning Extracurricular activities can be either active or passive. The
after school activities are active learning in nature, [9] as was the weekend program, [11] but
the engineering seminar series was passive learning. [10]
Outreach Learning Engineering outreach camps are for the most part active in their
learning style, with many hands on activities to bring across different topics. [15] There
might be a few parts that are passive learning. For example, in the summer camp focused
on in this research, lectures occur before many of the lab activities to give the girls the
proper background information. This combination hopefully allows for more active learning
during the lab portion. More details on these activities can be organized to encourage active
learning can be found in 5.2.4.
Learning from Media Learning from the media is another environment that can be
either active or passive. If someone is simply searching for the information, that is more
passive learning. They are being exposed to it, but they have to take the extra time to
really absorb that information. The online bridge design activity was much more an active
learning program, with the design project and feedback. [20]
Professional Learning PD is dependent on the type of program. Many professional
development activities, especially ones that occur during the school day, are very hands on
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and active. [2, 21] Others are simply trying to make educators and other influential adults
aware of the engineering environment and can be more passive in nature with presentations
and handouts. [22]
A.1.8 Mandatory vs. Voluntary Learning
This scale is dependent largely on the influence of large institutions, such as schools, laws,
or teachers/parents. Many of these large institutions can affect a students decision to par-
ticipate in these outreach activities. [1]
Curricular Learning Curricular learning activities are mandatory. In the USA, students
are legally required to go to school, so any outreach activities that occur during schools will
reach the intended population. Some students might miss some of the days, but most schools
have absence policies so if the activity is long enough, an entire class will still experience
most of the activity.
Extracurricular Learning All extracurricular learning outreach activities are voluntary.
While a teacher can try to encourage students to attend, perhaps with some motivation such
as extra credit, they cannot make the students go, as it is not during school hours. Students’
parents might have more luck in having their children attend such activities, but once again
the student has to show some amount of interest of their own. The program on the Native
American reservation actually invited parents to learn about the engineering topics being
presented in the hopes that would promote more children attending. [11]
Outreach Learning The engineering outreach camps are voluntary activities. A student
and their parent must either sign up or apply to attend these activities.
Learning from Media Learning from the media is also a voluntary learning activity. One
must seek these activities out in order to participate. The only way these activities might
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become more mandatory is if an instructor decides to use a media learning tool in their
classroom.
Professional Learning Professional learning is dependent on the situation. Some PD is
required by a teacher’s school district to keep up their continuing education requirements, but
often the topics can be chosen by the teachers themselves. Other activities are completely
voluntary, such as the Science Learning through Engineering Design program at Purdue
University. This program involved a two-week summer training camp where the teachers
learned different lesson plans, then went and implemented them in their classrooms. [25]
A.1.9 Monoculture vs. Diversity
Diversity within engineering outreach is trying to create an environment that is inclusive
to everyone, regardless of ethnicity, gender, or socioeconomic status. Monoculture within
outreach, however, is creating events that involve a group of individuals with something in
common. It is generally an underrepresented culture within the wider space of engineering
culture. In the FILE taxonomy, it was noted that both of these cultures serve the same pur-
pose: to encourage a diverse engineering culture. [1] This is a big motivation for engineering
outreach programs. Many target under represented groups to try and foster a more inclusive
environment. One addition to the monoculture category for engineering outreach programs
is age/grade based subgroups. These have the benefit of tailoring the learning experience
and goals for different ages, skill levels, and cognitive levels. [8]
Curricular Learning Curriculum learning has a more diverse population, since the activi-
ties occur during school. This does provide some benefits, since students of all socioeconomic
statuses can benefit from free engineering outreach programs.
Extracurricular Learning The type of demographic being targeted for extracurricular
activities can vary greatly. Sometimes it is simply an after school program, so the demo-
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graphics of the school are what is being targeted. For example, one program involving
hands on civil engineering activities was at an inner city school, so that was the target
demographic. [9] The weekend program on the Native American reservation was targeting
Native Americans, since they have very low enrollment in STEM fields in college. [11] Other
programs are more focused on certain grades. That same civil engineering program was
done at a middle school, in the hopes of catching students’ interest at an earlier age. The
seminar series mentioned before was targeted at high school juniors and seniors to promote
consideration of an engineering degree in the near future. [10]
Outreach Learning Outreach camps are generally monoculture in nature. The intense
and very personal experiences of the camps are used to help try and encourage under repre-
sented groups to become more interested in engineering. Many of these camps are targeted
at young women. [4, 12, 16, 17] The ages vary from middle school [12, 17] to high school. [4]
These camps provide a much needed positive engineering role model for these young women.
For girls especially, middle school is when a peer’s opinion begins to weigh heavily on their
decisions. [17] If a female student can be shown that engineering is not only interesting and
exciting, but also something that women are quite competent at, they might be more likely
to pursue engineering as they get older. Other camps target populations of disadvantage
socio-economic status. One camp in the literature targeted two different underrepresented
groups: Hispanic students and low-income students. This program was called YESTexas
and was a week long camp at Texas A&M University-Kingsville (TAMUK). Not only was
engineering promoted, but information about college and financial aid were included as well.
Students did not stay overnight, so the camp was free and therefore accessible to the target
population. [15]
Learning from Media Different media learning activities have the benefit of being acces-
sible to many different groups of people, so they fit in the diversity category. For example,
the internet based bridge design competition was open to students of all ages (though this
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was later changed due to legal issues). [20]
Professional Learning Professional learning activities are generally diverse in nature. It
simply depends on the teachers who decide to go to these PD programs/have them in their
classrooms. Some programs can be slightly more inclusive, such as the activity involving the
teachers on the Native American Reservation. [11]
A.1.10 Knowledge Goals: General Engineering Knowledge vs. Specific Engi-
neering Knowledge
This learning scale is specific to engineering outreach and comments on the differences be-
tween programs with regards to the content covered. Some programs try to show a wide
variety of engineering topics or are simply trying to increase engineering knowledge in gen-
eral, while others are using a specific branch of engineering to either explain a certain topic
or to encourage more students to major in that field.
Curricular Learning Many curricular learning outreach activities are simply trying to
get engineering into the mainstream classroom. To do so, they incorporate engineering into
existing math and science lessons. [3, 24] Therefore, the branch of engineering covered is
not necessarily chosen due to wanting to increase interest, but because it fits best with the
topics already being covered in the curriculum. Because of this, it falls under the general
engineering knowledge category.
Extracurricular Learning Extracurricular outreach activities can utilize both ends of
the spectrum. Some activities, such as the civil engineering after school program, focuses
solely on civil engineering topics [9]. Other activities use more broad engineering topics. The
Native American weekend program used a variety of engineering topics to make connections
between engineering and the Native American culture. [11] The engineering seminar series
was on many different engineering topics to showcase the variety of engineering. [10]
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Outreach Learning Outreach camps are another varied knowledge goal learning environ-
ment. Some camps are simply a variety of engineering topics. [15–17] Others are focused on
one branch of engineering. [13, 19] So while the overall camp goal is to increase interest in
engineering, some camps might have another goal of sparking interest in a specific type of
engineering.
Learning from Media Because of the voluntary nature of the media learning environ-
ment, the topics can be more focused. People can search out whatever detailed topic they
wish to know more about. For example, the bridge building activity was strictly a civil
engineering outreach activity. [20]
Professional Learning The professional learning environments are similar to the curricu-
lar learning environment in this case. Some of the kits that have been developed for teachers
to use to focus on certain types of engineering, [7] but in general the activities just cover
broad engineering subjects that integrate well with K-12 curriculums. [2, 23]
Summary Even with this taxonomy, it is obvious that engineering outreach activities do
not fall in one specific place on these scales. The main goal of this section was to document
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regulations found at 45 CFR 46.
• Requesting approval from the IRB prior to implementing modifications.
• Notifying OPRS of any problems involving human subjects, including unanticipated events,
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A.3.1 2017 Study Survey




2017 GLAM Pre-Survey 
 
Motivations and Expectations for the GLAM Summer Camp 
 
1. Why did you decide to enroll in the GLAM Summer Camp?  Please select all that apply. 
 
____ I wanted to learn about Materials Science 
 
____ I wanted to learn about Science, Technology, Engineering, and Math (STEM) fields 
 
____ My friends are also joining 
 
____ People around me recommended me to participate in the camp 
 
____ My parents signed me up for the camp 
 
____ I wanted to fill some time during summer 
 
____ Other (please specify) __________________________________________________ 
 
 
2. What knowledge and/or skills would you like to learn from the GLAM Summer Camp 







Perceptions of Competency and Interest in Engineering 
 
3. Please tell us how much you agree with the following statements. Please check the box to 
































I am good at science and/or engineering.      
I have the potential to become a scientist or engineer.      
I would be able to become a scientist or engineer if I work 
hard.  
     
Other factors, besides my abilities and/or determination, 
make it difficult for me to become a scientist or engineer. 
     
I am interested in science or engineering as a career.      
I feel I know what an engineer does.      
I feel good when I am doing engineering.       
I’m good at designing and building things.       
I see a connection between my interests/passions and 
engineering.  
     
I like to figure out how things work.       
Creative thinking is one of my strengths.       
I am skilled at solving problems that can have multiple 
solutions.  
     
I think engineering is interesting.       
I know how to find out more about engineering if I want to.       
I consider myself technically inclined.      
I consider myself mechanically inclined.       
I enjoy the subjects of science and mathematics the most.       
I want to be an engineer when I grow up.      
I plan to apply for an Engineering discipline when I go to 
college.  




Perceptions of Confidence in the Engineering Design Process 
4. Please tell us how confident you are in performing the following tasks. Please check the 









































Conduct engineering design      
Identify a design need      
Research a design need      
Develop design solutions      
Select the best possible design      
Construct a prototype      
Evaluate and test a design      
Redesign      
Work as part of a team      
 
Perceptions of Engineering 
5.  Please tell us how much you agree with the following statements. Please check the box to 































Engineers are innovative. (They come up with new ideas 
and inventions.) 
     
Engineers are creative.      
Engineers do work that is hands-on.      
Engineers do work that is fun.       
Engineers do work that allows them to help their 
community and/or society. 
     
Engineers work in many different kinds of career fields.      
Engineers have contributed greatly to fixing problems in the 
world.  
     
Engineering is a good career choice for women.       
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I was provided with enough information to participate in 
the labs/design project 
     
I can see how all the subjects taught this week are connected 
to the overall engineering discipline 





7. What is your name? (We ask only to link your answers during the session with your 
survey, if you have given us permission on the consent form). 
 
      __________________________________________________________________ 
8. How old are you? 
 
______13 years old 
______14 years old 
______15 years old 
______16 years old 
______17 years old 
______18 years old 
 
9.  What grad are you going into? 
 
    _____ 9th grade            ______10th grade       ______11th grade ______12th grade 
 
10. With what races or ethnicities do you most identify? (Check all that apply. This question 
is optional.) 
 
_____ White or European American 
_____ Hispanic, Latina, or Spanish 
_____ Black or African-American 
_____ Asian American 
_____ Native Hawaiian or Pacific Islander 
_____ Native American or Alaskan Native
_____ Other (please specify): ______________ 
 
 




GBAM Post-Survey: June 23, 2017 
 
Satisfaction with the GBAM Summer Camp  
 
1. How would you rate the activities during the week overall? (Circle one) 
 
Terrible Poor Average Good Excellent 
1 2 3 4 5 
 
 
































This experience helped me to better understand Mechanical 
Engineering.      
This experience helped me to better understand the 
Engineering Design Process.      
This experience helped me to better understand 
Engineering.      
I worked with a mentor who was helpful and easy to talk to.      
I enjoyed the fact that this was an event just for girls.      
 
 










Perceptions of Competency and Interest in Engineering  
 
































I am good at science and/or engineering.      
I have the potential to become a scientist or engineer.      
I would be able to become a scientist or engineer if I 
work hard.  
     
Other factors, besides my abilities and/or determination, 
make it difficult for me to become a scientist or 
engineer. 
     
I am interested in science or engineering as a career.      
I feel I know what an engineer does.      
I feel good when I am doing engineering.       
I’m good at designing and building things.       
I see a connection between my interests/passions and 
engineering.  
     
I like to figure out how things work.       
Creative thinking is one of my strengths.       
I am skilled at solving problems that can have multiple 
solutions.  
     
I think engineering is interesting.       
I know how to find out more about engineering if I 
want to.  
     
I consider myself technically inclined.      
I consider myself mechanically inclined.       
I enjoy the subjects of science and mathematics the 
most.  
     
I want to be an engineer when I grow up.      
I plan to apply for an Engineering discipline when I go 
to college.  




Perceptions of Confidence in the Engineering Design Process 








































Conduct engineering design      
Identify a design need      
Research a design need      
Develop design solutions      
Select the best possible design      
Construct a prototype      
Evaluate and test a design      
Redesign      
Work as part of a team      
 
 
Perceptions of Engineering 
































Engineers are innovative. (They come up with new ideas 
and inventions.) 
     
Engineers are creative.      
Engineers do work that is hands-on.      
Engineers do work that is fun.       
Engineers do work that allows them to help their 
community and/or society. 
     
Engineers work in many different kinds of career fields.      
Engineers have contributed greatly to fixing problems in the 
world.  
     




Perceptions of Design Projects and Labs  
 
































The design projects and labs were of an appropriate 
level of difficulty. 
     
The design projects and labs encouraged me to review 
relevant concepts and link theory to practice. 
     
Peer discussions were important for the success of a 
design project. 
     
The design projects and labs encouraged me to take 
responsibility for my learning experience. 
     
The design process helped me develop the ability to 
generate solutions to a defined problem and make 
informed choices as to the preferred solution. 
     
The design projects and labs provided me an 
opportunity to further develop my interpersonal and 
communication skills essential in a team environment. 
     
The design projects and labs provided me an 
opportunity to further develop my organizational and 
time management skills. 
     
 
Perceptions of Course Components  
8. To what extent do the following course components contribute to your learning?  Please 



































Working with a team     
Working independently on a project     
Small questions      
Lab activities     
Lectures     
Design projects     
Interactions with course instructor(s)     
Interactions with mentors     
132
Future Improvements of the Existing Activities 
































I would like to see more interaction between design 
projects, labs, and lectures offered during the week. 
     
I would like to see more instruction on the use of 
resources to assist me in my projects. 
     
I would like to receive more help from 
mentors/instructors. 
     
I would like to see more connection between the 
activities and Mechanical Engineering. 
     
I would like to receive more instruction on various 
software programs. 
     
 
 





11. How likely are you to recommend this camp to other students? 
 
Very unlikely Unlikely Neutral Likely Very likely 
1 2 3 4 5 
 








12. What is your name? (We ask only to link your answers during the session with your 
survey, if you have given us permission on the consent form). 
 
      __________________________________________________________________ 
 
 
13. How old are you? 
 
______13 years old 
______14 years old 
______15 years old 
______16 years old 
______17 years old 
______18 years old 
 
14. What grade are you going into this fall? 
 
    _____ 9th grade            ______10th grade       ______11th grade ______12th grade 
 




_____ White or European American 
_____ Hispanic, Latina, or Spanish 
_____ Black or African-American 
_____ Asian American 
_____ Native Hawaiian or Pacific Islander 
_____ Native American or Alaskan Native
_____ Other (please specify): ______________ 
 
 
Thank you very much for your help!  Please hand in your completed survey.
134
